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This dissertation explores the nature of an anomaly in solid helium which has been
referred to as supersolid: A supersolid state of matter, i.e. a solid with crystalline struc-
ture that exhibits frictionless superﬂow, was theoretically proposed to occur in solid
helium-4 almost 40 years ago [5, 19]. The ﬁrst experimental indication for the exis-
tence of supersolidity in helium 4 was brought forward in 2003 when Kim and Chan
employed the torsional oscillator technique to observe nonclassical rotational inertia
(NCRI) [41, 42]. The aim of this thesis is to characterize the link between the observed
nonclassical behavior in solid helium and crystalline disorder and to place constraints
on current theoretical models.
In the ﬁrst part, the thermal history of helium crystals was varied and its impact on
the NCRI was studied in a torsional oscillator. When the helium crystal is annealed, i.e.
warmed to a temperature below but close to the melting temperature and held there for
several hours, the supersolid signal was substantially reduced. Sometimes, the NCRI
was decreased below the detection threshold which is given by the period resolution of
0.05% of the inertia of the solid sample [69]. During the annealing process, pressure
relaxations by several bar were observed with a time scale of hours which were inter-
preted as the degree of disorder in the sample [68]. Additionally, the freezing speed was
increased by performing quench cools which were done by heating the sample rapidly
while leaving the dilution refrigerator cold. These cool downs resulted in bigger signal
sizes and higher sample pressures [70].
Secondly, helium samples were conﬁned to cylindrical and annular cells of varyingwidths. The NCRI was found to increase by three orders of magnitude with increasing
restriction [70] and exhibits a broad maximum for thin annuli of 100 m width with a
signal size around 20%. Further constraint to channels in porous materials, for example
vycor glass and porous gold, decreases the signals sizes again to 1% [40]. In a highly
constraint cell with a radial conﬁnement of 74 m, Kim and Chan’s ﬁnding that the ﬂow
is strongly suppressed when the cell is blocked [41] was conﬁrmed.
In order to characterize the conﬁned helium samples with high supersolid fractions
the solid pressure was measured in an equally conﬁned pancake cell with a gap of 100
m. The pressure could be ﬁtted to the functional form p = p0 + aT2 + bT4 which
indicates the coexistence of both phonon contributions and glassy regions in the sample.
The sample pressure relaxed at all temperatures which lead to a reduction of the glassy
term. The time constant of the relaxation decreased and the relaxation was slower at low
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xiiiCHAPTER 1
EXECUTIVE SUMMARY
Theobservationsthatarepresentedinthisthesisweretheﬁrstexperimentalevidence
that crystalline disorder is at the heart of the supersolid phenomenon. Moreover, they
place severe constraints on a number of the current theoretical models of the supersolid
state.
Speciﬁcally, these are the experimental ﬁndings of this thesis:
1. The discovery of nonclassical rotational inertia (NCRI) in solid 4He by Kim and
Chan [41, 42] was conﬁrmed for the second time.
2. Annealing of helium samples in large open volume cells causes a drastic reduc-
tion of supersolid signals. Signal sizes can be increased by rapid melting and
refreezing of the solid.
3. With increasing geometric conﬁnement, the NCRI increases by three orders of
magnitude. At a radial conﬁnement of around 100 m (S/V = 100 cm 1), there is
a broad maximum of supersolid signals around 20 %. Upon further conﬁnement
in porous materials, the signals decrease to  1 % in vycor glass [41].
4. The critical velocity varies from cell to cell between 1 m/s [22] and about 100
m/s [70]. Moreover, there is a tentative trend of increasing critical velocity with
increasing cell size.
5. The hysteretic dependence of the NCRI on oscillation velocity [6, 22] below 40
mK changes in small sample geometries: In those conﬁned cells, the hysteresis of
the supersolid fraction is very small.
6. The blocked annulus experiment by Kim and Chan has been conﬁrmed in a small
cell (S/V = 270.2 cm 1). The supersolid fraction of 17.1% was reduced to below
10.8% after the cell was blocked.
7. In conﬁned helium samples (S/V = 78.4 cm 1; smallest S/V before: 13 cm 1 [36])
the pressure had a term depending quadratically on temperature additionally to
the phonon term (/ T4). At all temperatures, the pressure underwent exponential
relaxations. These were correlated with a decrease of the glassy contribution,
similar to annealing in [36]. The relaxations were slower at lower temperatures
and had a longer time constant.
These observations provide the core of this thesis. Their interpretation gives clues
about the validity of current theoretical models that try to explain the supersolid phe-
nomenon:
1. Crystal annealing has been shown to increase the overall sample quality by ther-
mal conductivity measurements in solid helium [80]. With this knowledge, our
observation of a drastic reduction of NCRI upon annealing can be attributed to a
reduction of crystalline defects. The simplest interpretation is that an ideal single
hcp crystal of solid 4He does not support the supersolid state. The extremely small
supersolid signals seen in some high quality samples [22] are then most likely due
to remnant disorder which could be explained by internal stresses in a crystal due
to thermal contraction.
2. The magnitude of maximum NCRI is very dicult to reconcile with models that
envision superﬂow along a 3-D connected network of grain boundaries as the sole
source of NCRI. From Kosterlitz-Thoughless theory of thin ﬁlms, the thickness
of grain boundaries can be estimated from the transition temperature, Tc. The
Tc corresponds to a thickness of a tenth of Ångstroms. In order to obtain the
experimentally measured supersolid signals of 20 %, the grain size would have to
lie around one Ångstrom, outside the range of physically reasonable expectation.
23. The existence of a sweet spot for observing maximum supersolid signals can be
generally explained in a scenario where disorder concentrates close to the cell
walls and where the penetration depth of the disordered region into the bulk solid
is small. The supersolid signals would be maximal when the cell spacing matches
the half of the penetration depth and a further decrease of spacing would not in-
crease the NCRI.
4. The broad supersolid maximum can be explained by superﬂow along a homoge-
neous three-dimensional network of dislocations. In such a network, the meso-
scopic length scale could correspond to the typical distance between dislocations
which has been shown to be on the order of micrometers [63, 77]. If the dislo-
cation density increased with decreasing cell size this increase could explain an
increase in supersolid signals. Once the distance between dislocation exceeds the
conﬁnement the network would break down and the amount of superﬂow would
be expected to decrease. One problem with this picture is that the density of dislo-
cations that is required in order to achieve a 20 % supersolid fraction is probably
also outside physical expectation - even though geometrically comparable cells
can explain the low supersolid fraction with measured dislocation densities (see
Introduction).
5. A third interpretation of the mesoscopic length scale is provided by a theoretical
model of superglass regions that are connected with grain boundaries or disloca-
tions; in this context, the typical mesoscopic length scale of 100 m could be the
size of those glassy regions. Initial conﬁnement increases the density of super-
glassy regions. When the cell size is decreased beyond 100 m, the size of the
superglass regions is limited by the radial conﬁnement. Experimental support to
existence of glassy regions in helium samples comes from pressure measurements
in a similarly conﬁned cell (S/V= 78.4 cm 1)) in which the pressure of the helium
3samples can be ﬁtted well to a combination of phonon and glassy contributions.
6. The observations about critical velocity and velocity hysteresis of NCRI can be
understood well in the context of one idea of behavior of vortices in a superﬂuid
[6, 22]: In this model, the critical velocity arises when vortices cross the sam-
ple and introduce quanta of circulation in the superﬂow, eectively lowering the
fraction of decoupled atoms. When the path of the vortices increases the critical
velocity increases as well: Therefore it is not surprising that the critical veloc-
ity is generally higher in bigger cells. Similarly, vortices can be prevented from
crossing the sample by pinning on 3He atoms. In a smaller annulus, there are less
pinning sites for crossing vortices because the path is shorter and there is less hys-
teresis. TakentogetherwiththestrongsuppressionofNCRIinaconﬁned, blocked
annulus, all of these observations conﬁrm the existence of macroscopically coher-
ent superﬂow and are hard to reconcile with a model that explains nonclassical
rotational inertia with freezing of dislocations [9, 55]
7. The pressure relaxations can be interpreted as mass ﬂow from the center of the
cell to the rim due to the contraction of the diaphragm in response to lower tem-
perature and pressure. The exponential time dependence of the ﬂow cannot be
easily interpreted in terms of superﬂow with a linear time dependence [73], but
it emphasizes the quantum mechanical nature of helium which allows for tunnel-
ing behavior in the solid phase far from the melting curve. One implication for
torsional oscillator experiments is that even samples that are not warmed close to
melting temperature will change over time in order to reach equilibrium.
From the results presented here and in Chapter 2, the most likely scenario to describe
the presented data is that of a combination of defects, for example a three-dimensional
network of Josephson junctions or dislocations that connects glassy, superﬂuid regions.
4To explore this hypothesis further, I propose characterizing helium crystals in conﬁned
volumes, speciﬁcally by measuring the dislocation density through sound measurements
[37, 56]. Another important measurement is to repeat the heat capacity measurement in
conﬁned samples and to lower temperatures: I expect the heat capacity peak observed
by Lin et al. in a large geometry (S/V = 6.7 cm 1) [50] to increase dramatically in
small geometries. One of the biggest experimental puzzles is the discrepancy of more
than three orders of magnitude between the small excess entropy associated with the
heat capacity peak and the supersolid fraction in similar cells. This discrepancy cannot
be reconciled with a simple superﬂuid transition of any defects and could hopefully be
clariﬁed with smaller cell measurements.
5CHAPTER 2
INTRODUCTION
The introduction is split into three parts: First, I will give an overview of the current
status of the ﬁeld, both, about the experiments as well as the theories. Afterwards, I will
discuss the dierent theoretical models with respect to experimental observations.
For interested readers, there are two recent review articles, one theoretical [62] and
one experimental [10], that also discuss in depth some of the issues that I am raising
under a somewhat dierent viewpoint.
2.1 Experimental Observations
After the exciting discovery by Kim and Chan (KC) [42, 41] a new ﬁeld of research
has emerged. So far, the experiments have aimed in two directions: to ﬁnd the underly-
ing mechanism of supersolidity and to obtain other experimental signatures of the new
state. Currently, the majority of researchers seems to agree that the decoupling observed
by KC is due to superﬂow and that crystalline disorder plays a key role in explaining
the microscopic picture. However, the details of the mechanism are largely unknown.
Moreover, there is no single theory that seems to be able to explain all of the data. I
will divide the observations into experimental evidence for superﬂow, evidence for the
importance of crystalline disorder and end the section with additional experimental ob-
servations and open puzzles.
62.1.1 Indications for Superﬂow
The hypothesis that the missing moment of inertia in torsional oscillators can be ex-
plained by superﬂow of a fraction of the atoms has been supported by a number of other
experimental observations in torsional oscillators:
 Blocked Annulus
KC [41] and later also our group [67] did the ﬁrst control experiment on super-
ﬂow. They compared the magnitude of supersolid signals in an open and in a
blocked annular cell. Since superﬂow is potential ﬂow, the problem of an open
and blocked annulus can be calculated exactly by solving Laplace’s equation with
the appropriate boundary conditions. For example, in an annulus with a thickness
of 0.65 mm, the period drop that is observed in an open annulus is reduced by a
factor of 200 [53], in thinner annuli the suppression is even stronger due to a lack
of counter ﬂow. In the ﬁrst blocking experiment by KC [41], the annular gaps of
open and blocked cell were both 0.95 mm and therefore the apparent reduction
upon blocking cannot be deﬁnitely explained by potential ﬂow. Prompted by this
ambiguity, we adapted a reversible blocking scheme of the same annular cell with
a gap of 74 m. The superﬂow signal of 17.1 % is completely suppressed upon
blocking within the experimental resolution of 0.8 %.
 Frequency Independence of NCRI
For viscous ﬂow, the liquid is be completely dragged along with the container
walls in the zero frequency limit and decouples as the viscous penetration depth
decreases at high frequencies. The supersolid fraction shows no frequency depen-
dence in the range from 500 Hz to 1000 Hz [6].
 Velocity Dependence of NCRI
7In a viscous ﬂuid, only a thin layer of the ﬂuid gets dragged along with a moving
container. The thickness of the layer depends only on frequency: In torsional os-
cillator experiments, the oscillator is normally run on its resonance, and the rim
velocity can be adjusted by the drive voltage. When the velocity of oscillation
changes, the viscous penetration depth remains the same and the apparent NCRI
is velocity independent. The observed NCRI has the opposite behavior: it decou-
ples most at the lowest velocity. When the velocity is increased from zero, vortex
singularities enter the superﬂuid and eventually the superﬂuid is driven normal by
phase slips which set the superﬂuid into rotation. This second order phase transi-
tion happens at the critical velocity and results in a drop of the supersolid fraction.
This behavior is qualitatively observed when the velocity in torsional oscillator
experiments is varied. This shape of the transition curve has been observed in all
experimental groups (Penn State, Cornell, Keyio University, University of Tokyo,
and Rutgers).
 Velocity History of NCRI
Below 40 mK, the observed NCRI depends on the velocity history [6]: When the
sample is cooled at low velocity from the critical temperature down to below 40
mK and the velocity is then gradually increased, the supersolid fraction stays high
and no critical velocity reduction of the signal is observed. On the other hand,
when the sample is cooled down while oscillating above the critical velocity and
the velocity is decreased, the supersolid fraction increases as expected. The veloc-
ity history dependence of the supersolid fraction is absent at higher temperatures.
One interpretation of the experiments is vortices can leave the sample at low ve-
locities through the boundaries. When the velocity is increased again, there is to
be a higher barrier for them to re-enter the crystal. The existence of vortices is
obviously another argument for superﬂow.
82.1.2 Role of Crystalline Disorder
Below, I summarize the experimental observations that support the hypothesis that dis-
order plays a pivotal role in the explanation of the supersolid mechanism:
 Broadness of Transition
For any continuous (second order) phase transition, all thermodynamic functions
have power-laws dependencies near the critical point with critical exponents. For
example, at the -transition in helium 4 the superﬂuid fraction is proportional to
(T   Tc) with  =0.6731 because superﬂuid helium is in the 3D-XY universality
class. For the suggested supersolid phase, the supersolid fraction increases only
gradually when the temperature is lowered with the slope increasing at lower tem-
peratures: Instead of a power law divergence, i.e. inﬁnite slope at the transition
temperature, the slope is zero at Tc. This together with the relative broadness of
the transition suggests inhomogeneities that cause dierent parts of the sample to
undergo the transition at dierent temperatures.
Also, for a simple homogeneous transition like the superﬂuid transition or
Kosterlitz-Thouless the width of the dissipation peak  is always roughly  ' !
!
[38]. For the dierent oscillator experiments this ratio
!
!
 varies from 1 to 100.
 3He Dependence
Very small changes of the 3He concentration [45] on the order of 1 ppm inﬂuence
the supersolid transition temperature and fraction drastically: The transition tem-
perature increases monotonically with increasing concentration from 20 mK (1
ppb 3He atoms) to 700 mK (30 ppm 3He atoms) and the supersolid fraction has a
broad maximum around 1 part per million 3He impurities. This does not support
the homogeneous supersolid idea because the impact of a few atoms on the bulk
9would not be expected to be as strong.
 Thermal History Dependence
The supersolid fraction can be strongly altered by quenching and annealing of
the crystal: When the sample is held at temperatures slightly below the melting
temperature and successively cooled down, the supersolid fraction decreases to a
very low level (in our original experiment from around 0.08% to below the limit
of our resolution of 0.05% [69]). In contrast, quenching, i.e. rapid solidiﬁcation
and cooling of the sample below the annealing regime in a few minutes, increases
s= by up to a factor of ﬁve. The substantial reduction of NCRI upon annealing
has recently been conﬁrmed by Clark and Chan [22]. However, they were not able
to eliminate the supersolid fraction by annealing or by constant pressure growth
below 0.05 % in their cell . A possible reason could be the small size of their cell
(see next item).
 Geometry Dependence
The supersolid signal size increases in from 0.03 % in large open geometries (r
= 0.79 cm, S/V = 5.8 cm 1) the supersolid to a broad maximum of 20% in small
conﬁned geometries with higher surface to volume ratio [70, 67] (gap 100 m,
S/V= 200 cm 1). However, when the helium is conﬁned even further to porous
materials with pore sizes on the order of 800 nm and smaller, the fraction of
decoupled atoms decreases again to 1 %. The disorder in the solid is stabilized by
the conﬁnement and that the freezing can be done a lot more rapidly (solidiﬁcation
and cool-down below 1 K took 90 s). It is hard to understand though, why the
supersolid fraction in vycor and porous gold (pores on the order of 100 nm) is so
low again. From the location and height of the maximum in supersolid fraction
we get two constraints for possible models aiming to explain supersolidity: The
maximum supersolid fraction is around 20 %, and the location of the maximum
10gives a sweet spot for supersolid fractions at a length scale on the order of 100
m.
 Melting Curve Pressure
In high purity crystals [76] the melting curve does not deviate from the expected
phonon T4 law for a Debye crystal. The melting pressure is independent of the
sample history and therefore independent of the concentration of defects (it was
shown that a low defect concentration of 100 cm 1 would contribute to the melting
curve slope by 10 7 bar
K2 ). This is additional evidence of the importance of defects.
Interestingly, one possible explanation for our successful ﬁrst annealing experi-
ments [69] would be that the cell contained both solid and liquid regions and that
this coexistence favored the annealing process.
2.1.3 Experimental Puzzles
There are a number of experimental observations that exceed the two - somewhat more
established - hypotheses of superﬂow and disorder. These observations restrict current
models of supersolidity, and I will evaluate the validity of dierent theories in section
2.2.
 3He Concentration
The supersolid fraction is very small (0.03 %) for ultra-pure 4He with a 3He con-
centration x3 of 1 ppb [40]. With increasing x3 the fraction increases by an order
of magnitude at 0.4 ppm and decreases successively to zero for x3=0.1%. The
transition temperature increases with increasing 3He concentration from about 50
mK (x3 = 1 ppb) to 700 mK (x3 = 100 ppm). Also, the transition broadens with
increasing x3.
11 Critical Velocity
The critical velocity found in all the torsional oscillator experiments ranges from
1 m/s [22] to 100 m/s [70] . This is about ﬁve orders of magnitude lower than
the superﬂuid critical velocity (about 1 m
s).
From the dispersion relation it is known that the minimum velocity at which it is
possible to create excitations is given by
vc = min(
p
p
) =
n0U0
m
(2.1)
using the Bogoliubov spectrum for the excitations in an interacting Bose gas:
p =
q
(0
p)2 + 20
pn0U0 (2.2)
Here U0 is the interaction strength, n0 is the number of condensed particles per
volume. The condensation temperature Tc decreases compared to the noninter-
acting gas when we turn on interactions (i.e. weaker interaction means higher
condensation temperature). For example, in Helium-4 the interactions decrease
the superﬂuid transition temperature from 3 K (non-interacting Bose gas) to 2.17
K. As a lowest order guess, I’ll assume that the interaction strength times density
is proportional to TBEC   Tc, that would indicate that the interaction strength in
superﬂuid helium is 0.8 and also take into account the small low temperature su-
persolid fraction of 1%, one could estimate a decrease by 3 orders of magnitude
for the critical velocity in a supersolid. This is still o by two orders of magnitude
in comparison to experiments.
 Pressure Dependence of NCRI
Kim and Chan also measured the pressure dependence of the NCRI [44] in an an-
nular cell (width of 0.6 mm, frequency about 1000 Hz) , ﬁnding that the supersolid
fraction increased from 0.5 % at 25 bar to a maximum value of 1.5 % around 55
12bar back to 0.6 % at 137 bar. The transition temperature Tc shows no dependence
on pressure, neither does the velocity dependence of the supersolid fraction (criti-
cal velocity). Helium was found to become less quantum-mechanical with smaller
zero-point motion [8] at higher pressures: This can explain the suppression at high
pressures, but not the maximum at intermediate pressures.
 Magnitude of NCRI
The range of observed supersolid fractions spans from 0.01% [20] to over 20 %
[70]. Most microscopic defect theories have trouble explaining a 1% fraction, and
even more so 20%.
 Speciﬁc Heat at Transition Temperature
The speciﬁc heat of commercial solid helium as well as high purity helium was
measured in a silicon cell [50]. When T3 term of the heat capacity is subtracted
from the data, there is a small peak at about 75 mK. The height and temperature
of the peak increased with increasing 3He concentration.
For a non-interacting Bose-gas, the speciﬁc heat of its condensate is given by [60]:
C(T) =
15
4
(5=2)
(3=2)
R(T=Tc)
3
2 (2.3)
From this one can determine the entropy per mole in the condensed state between
T=0 and Tc:
S BEC =
Z Tc
0
dT
C
T
=
5
2
(5=2)
(3=2)
R = 5R = 41:57
J
mol K
(2.4)
with (x) the zeta-function.
For commercial 4He with a nominal 3He concentration of 0.3 ppm, the additional
entropy that is associated with the possible supersolid phase is 28 J/(mol K) [50]
in a cell with surface to volume ratio of 6.7 cm 1. From the surface to volume
overview, the heat capacity cell is comparable to a torsional oscillator torsion bob
13with an observed NCRI of 0.03 %, i.e. an expected excess entropy, S, of 3  10 4
S BEC , i.e. 12.5 mJ/(mol K). The experimentally observed entropy is three orders
of magnitude too low.
There will be a modiﬁcation to this estimate from the fact that helium is strongly
interacting: At the superﬂuid transition, the speciﬁc heat peak, and equally the
excess entropy from the BEC, is about a factor of 3 higher than expected for a
noninteracting Bose gas [75]. This correction makes the discrepancy between
experiment and simple Bose-Einstein condensation even bigger.
 High Quality Crystal NCRI
Crystals that are grown at constant pressure or constant temperature and that are
supposed to be either single crystals or to consist of only a few grains still show
a supersolid signal of about 0.3% [22]. The authors, Clark et al., interpret this
behavior as an argument against the microscopic model of grain boundaries.
 Pressure Measurement
The temperature dependence of the pressure in helium crystals o the melting
curve can be ﬁtted well with both, a T2 and a T4 term, see Chapter 10 and [36].
The T2 contribution indicates glassy behavior, dislocations, or grain boundaries
and it decreases after crystal annealing.
 DC ﬂow experiments
So far, there have been ﬁve DC ﬂow experiments:
Both Greywall [34], and Beamish [29, 27] conducted a ﬂow experiment with two
chambers of solid that were connected by an array of capillaries. When applying
a pressure gradient of about 2 bar or 3-100 mbar between the two chambers they
did not observe any ﬂow in the detection chamber at 50 mK.
14Possible explanations could be that the crystal quality was too high to support su-
perﬂow - Beamish’s experiment in particular featured surface to volume ratios that
would have featured an supersolid fraction of 0.1 %. Also, their routine included
annealing of the crystal. Still, the experiment’s upper limit for the ﬂow velocity
was 10 14m/s, which is 8 orders of magnitude lower than what would have been
expected from the ﬂow measurements.
Sasaki et al. [73] observed liquid ﬂowing into liquid through a disordered crystal
that showed cusps and grain boundaries in a barometer experiment. The ﬂow
varies linearly with time and was therefore superﬂow. The superﬂow does not
depend on temperature between 50 mK and 1.2 K (close to melting). Recently,
the interpretation of the mass ﬂow has changed: It is now attributed to simple
liquid channels at the interface between solid helium and walls of the container
[72].
Recently, Ray and Hallock [65] modiﬁed the earlier experiment by pushing liquid
from one reservoir to another through a stripe of solid. The trick of having a
solid-liquid interface at low temperatures with the solid pressure higher than the
melting pressure is to conﬁne the liquid helium to porous vycor glass. In vycor,
the melting pressure is 6 bars higher than in bulk solid, so it is possible to push
something through the lattice without pushing on the lattice itself. When applying
a pressure dierence between both liquid reservoirs they were able to observe
relaxation which was in some cases linear. At higher pressures, the relaxation
was absent. The mass ﬂow seems to depend on temperature with a transition
temperature between 400 and 800 mK. These results are still highly preliminary.
 Shear Stiening
The shear modulus of solid helium increases below the same critical temperature
below which the period of drops by up to 10 % [28]. Similarly to the torsional
15oscillators, the shear stiening has no frequency dependence and decreases with
increasing strain (similar to the critical velocity eect, however it is here really
a critical amplitude in discrepancy with the torsional oscillator results). The ad-
dition of isotopic impurities shifts the stiening transition to lower temperatures.
The shear stiening can be explained with the freezing of a dislocation network
in the solid. Also a stiening in solid helium in a torsion bob of an oscillator leads
to a period drop as has been calculated with the ﬁnite-element-method by Clark et
al. [22]. The eect is likely too small though to account for the NCRI, the period
drop would have to be by a factor of about 100 smaller assuming a doubling of
the shear modulus.
2.2 Microscopic Models
While there are a few phenomenological models that may describe some aspects of the
supersolid phenomenon I will restrain myself to the main categories of microscopic the-
ories and evaluate them - in the next section - with respect to the experimental ﬁndings.
2.2.1 Incommensurate Solid: Vacancies and Interstitials
Historically, the mechanism for a supersolid phase was ﬁrst theoretically suggested to
be the existence of zero-point vacancies in an incommensurate solid. There are several
dierent theories for vacancies which are summarized very well by Boninsegni et al.
[14].
In the early theories Andreev-Lifshitz [5] and Chester [19] propose that a sucient
number of vacancies can be energetically favorable in the ground state: The cost of cre-
16ating them is smaller than the gain by their delocalization. This is easily understood
with help of the uncertainty principle: When the atoms are less conﬁned they can have
a smaller momentum or kinetic energy (xp>~). However, single vacancies and inter-
stitials in helium are experimentally [32] found to have large activation energies of 13
K (vacancies) and 23 K (interstitials) at melting pressure. With increasing pressure, the
activation energy for point defects increases, excluding this idea.
More recently, Anderson, Brinkmann and Huse [2] postulate that the ground state
includes a dilute gas of vacancies and is incommensurate, i.e. that the number of lattice
sites does not equal the number of atoms. There need to be a minimum number of
vacancies though for the state to be energetically stable. In Path-Integral Monte-Carlo
simulations [14] a meta-stable gas out of vacancies is created with a pressure of up to
65 bars. No matter the initial conﬁguration or concentration of vacancies (between very
few and 6%), the vacancies always formed clusters. The interaction between vacancies
is therefore attractive, three vacancies even form a bound state. A vacancy cluster does
not support superﬂow because the mobility of the defects is lost.
Alternatively, vacancies could play a role by binding to other kinds of defects. For
example, a grain boundary could be doped with vacancies. Since it has been most abun-
dantly discussed and the theorists do not all agree with the vacancy cluster explanation,
I am still going to include the idea of a dilute vacancy gas in my discussion of the
experimental facts.
2.2.2 Superglass Phase of 4He
A superglass [14, 4] is deﬁned as a glass, i.e. a metastable amorphous solid, which
also displays superﬂuidity. The helium superglass has been simulated numerically [14]
17at two dierent pressures, 32 bars and 133 bars. The quenched crystal resembles the
crystal at short distance and has no diagonal long-range order. On the other side, there
is o-diagonal long-range order, i.e. superﬂow. The superﬂuid fraction is predicted to
be 60 % for 32 bar and 7 % for 133 bar.
It is not clear if a superglass can or has been realized experimentally, but it is cer-
tainly energetically possible if the quenching speed is fast enough. Also, many proper-
ties of the superglass are still unknown as for example the transition temperature from a
normal glass to the superglass which is only determined to lie above 200 mK.
2.2.3 Superﬂuidity of Grain Boundaries
Even if the bulk of helium is insulating, grain boundaries could form a network of two-
dimensional superﬂuid sheets. Superﬂuidity of grain boundaries could be explained ei-
ther by true superﬂow along the grain boundary or a crack in the crystal that ﬁlls up with
liquid. If the surface tension between two small crystallites is bigger than the surface
tension between each crystallite and an adjacent liquid layer the liquid will penetrate
between them and ﬁll up the crack.
In a Path-Integral-Monte-Carlo simulation [61] of two helium crystallites, the inter-
face is shown to be stable and also superﬂuid with transition temperatures between 0.5 K
and 1.5 K. Not all grain boundaries are superﬂuid, a few with matching angles or other
coinciding features are insulating. The width of the grain boundary region is about three
lattice spacings, about 1 nm.
182.2.4 Vortex Liquid
Phil Anderson suggests as an explanation of NCRI a vortex liquid [1, 3]: This is a ther-
mally excited, quantized vortex tangle which is comparable to the Kosterlitz-Thouless
system above its transition temperature of 20 mK. So the system is in the normal phase,
but it already has some short-range order that leads to a locally deﬁned phase and there-
fore can have vortices (which are nothing but topological defects in the phase). The local
superﬂuid approximately follows Laplace’s equation because it is close to irrotational,
microscopically, there is an array of vortices.
Below the conventional supersolid transition temperature, the vortices move slowly
compared to the oscillator and are close to pinned to the underlying lattice: The period
drops. At higher temperatures vortices move faster and cross the annulus: The phase
slips and the superﬂow is screened - the helium behaves as a classical solid. An increase
in velocity favors the creation of more vortices. Their relaxation rate decreases with
decreasing temperature of increasing Helium-3 concentration. When the motion of the
vortices matches the oscillator frequency the dissipation has a maximum.
2.2.5 Dislocation Network
Dislocation lines could form an entangled network and loops throughout the crystal. A
phenomenological, qualitative model [30] was proposed in which dislocation cores turn
superﬂuid and cause the period drop. Path integral Monte-Carlo simulations of a single
screw dislocation [13] have shown that the core of a screw dislocation which is aligned
with the symmetry axis of hcp 4He is superﬂuid. Inside the core, the superﬂuid density
involves all the atoms in the tube of diameter of 6 Å.
19The resulting supersolid fraction is estimated to be signiﬁcantly smaller than 1%
since only atoms inside the core would contribute to the signal. Since the dislocation
area density in solid helium varies from 105[77] to 1010 cm 2 [78] this underestimates
the superﬂuid density of 1 % by 2 orders of magnitude neglecting any tortuosity eects.
The transition temperature for the core is found to be around 1 K. Below 1 K and
above Tc the system is like a vortex tangle along which quantum-tunneling happens
(along the vortex core).
2.2.6 Dislocation Glass
It was suggested [9, 55] that the NCRI could also be attributed to freezing of a liquid like
component to a glass which changes the damping constant in the driven oscillation. This
theory could explain a few phenomena as the smallness of the thermodynamic signature
[9] by interpreting the heat capacity data as AT3 + BT instead of a small peak and T3 or
the lack of DC ﬂow.
At this point, the dislocation glass seems the least likely candidate to explain the
helium experiments because it predicted that the nonclassical rotational inertia should
increase with increasing frequency:
s(!) / !
 (2.5)
The frequency measurements by Aoki et al. do not show any frequency dependence of
the NCRI. I will add it for reasons of completeness in the overview, but will not discuss
the detailed explanations in an extra section because this theory most likely has been
ruled out by Aoki’s test.
202.3 Theoretical Evaluation of Experiments
In the following section, I will give an overview of the predictions that the ﬁve current
theoretical models have to the open experimental puzzles.
2.3.1 Vacancy gas
3He: It was shown theoretically [33] that the hopping amplitude of 3He impurities in
4He is by about 4 orders of magnitude lower than that of vacancies. This suggests that
vacancies do not form close to 3He atoms (because the helium-vacancy complex would
be very mobile) [62]. Therefore, small numbers of 3He atoms would not be expected to
strongly alter the vacancy condensation as observed in experiments.
Critical velocity, vc: The critical velocity can be determined in Bogoliubov’s theory
for an interactinb Bose gas from the interaction strength, density and eective mass.
The same discrepancy that is expected for 4He atoms is also expected for vacancies
because assuming that the interaction strength is similar the density would have to be
comparable to support the same supersolid fraction. Furthermore, I would expect the
eective mass of vacancies to be lower than that of helium-4 atoms because they are
very mobile. A lower eective mass is correlated with a higher critical velocity, so if
anything, the critical velocity would be higher for a vacancy gas!
Pressure dependence: Depending on if the excluded volume of the point defect is
positive or negative, the defect concentration will increase or decrease with increasing
pressure. With the naive estimate that vacancies exclude a positive volume this would
decrease their concentrationand the supersolid fraction atincreasing pressure. The trend
of decrease with increasing pressure has been seen in x-ray measurements of vacancy
21concentration: Between 31 bar and 37 bar, the concentration of thermally activated
vacancies decreases by a factor of 4. Clearly, this trend is inconsistent with the increase
in NCRI in the same range.
Geometry: From X-ray measurements of the structure factor in fairly conﬁned solid
helium [32] (S/V = 26.4 cm 1, Volume = 0.08 cm3) the density of thermally activated
vacancies was determined to be about 1 %. In this geometry, the supersolid fraction
would be expected to be around 1-5 %, so the magnitude is consistent.
Magnitude in Vycor: In the vycor channels, the solid becomes presumably more
disordered and could have more vacancies. It is certainly plausible that superﬂow is
observed, however, the reason why the supersolid fraction is so low, compared to the
thin annuli measurements is unclear.
Velocity History: The history dependence of the velocity suggests that vortices can
leave the sample, but have a higher energy barrier to re-enter. This is a strong indication
for superﬂow which could occur in vacancy condensation.
CP/CT measurements: The fact that there most likely is NCRI in single crystals is
compatible with the vacancy model.
Frequency: The condensate of an weakly interacting vacancy gas would allow su-
perﬂow as long as the excitation spectrum is sound-like (linear for small wavevectors).
So this is consistent with the vacancy picture.
Heat capacity: If the vacancies were Bose condensing at 200 mK, we would expect
a peak in the heat capacity at the transition. This is certainly consistent with the ex-
periments. However, the entropy change for a Bose condensate between 0 K and the
22transition is estimated to be [9]:
S =
Z
dT
C
T
=
5
2
(5
2)
(3
2)
R (2.6)
This excess entropy exceeds the measured excess by more than three orders of magni-
tude and is not understood.
Low T thermodynamic behavior: The dilute gas of vacancies can be approximated
as noninteracting. Above the transition, the speciﬁc heat for any noninteracting gas of
Bosons is proportional to T3 (as for the lattice). Below the transition, one would expect
the speciﬁc heat of a Bose-Einstein condensate which is proportional to

T
Tc
 3
2. The T3
term would be dominated by the contributions from phonons, so it is possible that it has
been observed experimentally. Also, a lower order term has been observed in both heat
capacity and pressure measurements which has been interpreted as proportional to T2,
but could probably also be attributed to vacancies, i.e. proportional to T
5
2.
No DC ﬂow: The lack of DC ﬂow cannot be explained in any 3 dimensional simple
Bose-condensation scenario.
2.3.2 Superglass
3He: Helium-3 atoms bind preferably to static defects, i.e. grain boundaries. Therefore,
the concentration along the boundaries may be very high. While the pure superglass
cannot explain a strong 3He dependence of the superﬂuid fraction; a combination of
amorphous regions connected with grain boundaries could explain the strong depen-
dence if the helium atoms were mostly located along the links. In 3He/4He mixtures, the
superﬂuid transition is suppressed upon addition of 3He, but it is much more robust to
the addition of helium-3 than the supersolid [62, 25].
23Critical velocity: From Bogoliubov theory for an interacting Bose gas, we can es-
timate vc =
n0U0
m . Both, eective mass and interaction strength should also be similar
compared to superﬂuid 4He. This would give an estimate of the critical velocity which
is still about 3 orders of magnitude to high.
Pressure: The pressure dependence would be similar to the pressure dependence of
an ordinary crystal since only the long-range order between atoms is not preserved in
a glass. Therefore, the supersolid fraction should decrease with increasing pressure,
something that is seen in experiments above 55 bar. In a numerical simulation [14], the
superﬂuid fraction ranged from 7% (155 bar) to 60% (32 bar), the pressure dependence
was therefore similarly weak with the same trend as the observations.
Magnitude Superﬂuid fraction: The maximum superﬂuid fraction in Quantum
Monte-Carlo simulations was determined to be 60% [14], this is clearly consistent with
experiments.
Vycor: In vycor, it has been shown [39] that helium forms a highly localized amor-
phous ﬁrst layer, and very disordered second layer on which some of the atoms are
delocalized. There might be glassy regions that could form upon quick freezing how-
ever their size would be limited by the pore size of vycor. This could be consistent with
experimental observations. However, the original idea of an isotropic, bulk superglass
phase would be expected to have a similarly high supersolid fraction as at the maximum.
BlockedAnnulus/Frequency/VelocityHistory: Oneofthetwopremisesofthetheory
is that there is long-range o-diagonal order, i.e. superﬂow. This superﬂow would be
strongly suppressed by blocking the annulus. It would also not depend on frequency and
the ﬂow would include vortices as probably observed by Aoki et al. .
CP/CT measurements: Constant pressure and constant temperature growth condi-
24tions aim at producing single-crystals. In the numerical simulations [14], the helium
atoms were ”quenched” in order to produce the glassy state. It’s unlikely that glassy
regions would form in those high quality crystals.
Thermodynamic signatures: The excess heat capacity [50] that has been observed
is too small for the superglass: Even if only 0.5% of their particles condenses their
thermodynamic signature (compare vacancy gas) should still be by two to three orders
of magnitude higher.
Low T thermodynamic behavior: Any glassy two-level system has a linear contribu-
tion to the speciﬁc heat (or a T2 contribution to the pressure). This is consistent.
No DC ﬂow: If the glass is at the same time superﬂuid one would expect DC ﬂow at
some pressures. Prokof’ev [62] pointed out that the stresses within the disordered glass
could be very high, a fact that has been experimentally observed in annealing when the
pressure dropped by several bars [70, 36]. Maybe, the pushing was not strong enough
to overcome those internal stresses and to have a net eect on one part of the sample.
Also, recent experiments by Ray et al. [65] indicate that there is in fact mass ﬂow
when one pushes liquid through the solid rather pushing on the lattice. This would be
inconsistent with a homogeneously distributed superglass, but might be consistent with
lower dimensional defects that connect superglassy regions.
2.3.3 Grain Boundaries
Helium 3 atoms are likely to be found on grain boundaries. When the number of Helium
3 atoms is increased, it’s conceivable that they increase the number of grain boundaries
and therefore the NCRI. Taken together with the fact that 3He are detrimental for su-
25perﬂuidity, it’s conceivable that they form an array of junctions whose properties are
strongly altered by adding or removing very small amounts of 3He. On the other side,
experimenters have found [25] that the Lambda transition temperature in 3He/4He mix-
tures decreases with increasing 3He concentration (opposite of what’s observed in solid
helium-4). So, obviously, if grain boundaries are responsible, they do not behave as a
crack that is ﬁlled with superﬂuid helium-4.
Pressure Dependence: The density close to grain boundaries is higher than in the
bulk; on the other side, the density of disordered crystallites is smaller than that of a
single crystal. The competition of both of these eects would predict a weak pressure
dependence as is seen in experiments.
Critical velocity: Superﬂow along grain boundaries has been observed [73] in the
DC superﬂow experiments. The estimated critical velocity for this ﬂow was on the order
of meters per second [73, 62], in clear contrast to the torsional oscillator measurements.
The experimental results have been refuted though.
Magnitude Superﬂuid fraction: Using what is known from thin ﬁlms [47], we can
estimate the ﬁlm thickness from the superﬂuid transition temperature:
kBTc =
~2st
2m2 (2.7)
If we assume that the eective mass, m, is just the helium mass and that the superﬂuid
density per unit area is equal to the bulk solid density,  = 0.2 g/cc, times the thickness,
t, of the ﬁlm, we obtain a thickness of 0.02 nm . Especially for the 20% signal, this
requires the crystallites to be tiny: Assuming no tortuosity correction the upper limit for
the crystallite size is around 0.08 nm to explain the 20 % fraction. For a 1 % signal as in
the1mmthickannulus, thesameestimateyieldsatypicallengthscaleforthecrystallites
on the order of 2.0 nm. This estimate is inconsistent with x-ray measurements in a cell
with a thickness of 0.79 mm that determine the crystallite size in constant volume grown
26helium to be on the order of 100 m [8, 51].
Vycor: In vycor, it has been shown [39] that helium forms a highly localized ﬁrst
layer, and very disordered second layer on which some of the atoms are delocalized.
Grain boundaries would be abundant because of highly polycrystalline sample growth
however the formation of a three dimensional network would be largely inhibited by the
strong conﬁnement. It is feasible that the apparent supersolid fraction would be largely
reduced when the network breaks down.
Velocity history/Frequency: Assuming that grain boundaries behave similar to su-
perﬂuid ﬁlms [11], their velocity dependence should be similar to that of a bulk super-
ﬂuid, which would be consistent with the observations.
CT/CP: Recently, [22] Helium crystals were grown in a cylinder by holding the
temperature or the pressure constant. From x-ray measurements [35] this method is
known to most likely yield single-crystals. The experimenters observed reproducible
NCRI signals of 0.04 % (cell material silver) and 0.3 % (BeCu cell with high purity
helium) in crystals grown with both methods. This serves as another strong indication
that grain boundaries cannot explain the supersolid signals.
Thermodynamic signature: When grain boundaries turn superﬂuid there would be a
smallheatcapacitypeak. However, tobeconsistentwith1%perioddropinthetorsional
oscillator experiments, the heat capacity peak is by three orders of magnitude too low.
Additionally, a tortuosity correction increases this discrepancy even more.
Low Temperature behavior: The intersection between grain boundaries (so-called
ridges) contributes linearly to the heat capacity [62, 61] which is a valid interpretation
of the linear dependence of pressure on temperature.
27No DC ﬂow: It is possible that the existing mass ﬂow is just not observed because of
resolution constraints. If we assume that the only stress that equalizes is along the grain
boundary channels and that the pressure dierence in the solid persists the estimated
signal upon contraction would be very small, possibly below the limit of detection.
2.3.4 Dislocation Network
Helium-3 eects: Helium-3 binds preferably to dislocations [52]. Since 3He favors dis-
order, it would be reasonable to expect that with increasing 3He concentration the carrier
density increases and therefore Tc. On the other side, 3He also favors phase ﬂuctuations
and therefore is detrimental for long-range coherence required for superﬂuidity. So the
dislocation theory is consistent with the 3He dependence.
Critical velocity: Neither density of atoms nor eective mass or interaction strength
seem to change dramatically. The reduced dimensionality eectively lowers the critical
velocity because of tortuosity factors, but the velocity is still too high.
Pressure: The complex pressure dependence might be explained by the fact that
there are dierent kinds of dislocations that behave dierently in the crystal. From a
decrease of the sound velocity with increasing pressure in single crystals [78, 79], one
can infer that the dislocation density decreases with increasing pressure.
Magnitude: The dislocation density has been measured in a sample space with a
characteristic length of about 1 cm (S/V = 2 cm 1) [77]. From our geometry measure-
ments one would expect a supersolid fraction on the order of 0.1 % for this sample
geometry. To obtain a supersolid fraction,
s
 j3D, of 0.1% that is entirely due to a dislo-
cation network, the density of dislocations, dis, with a superﬂuid core of radius 6 Å has
28to be about 1010 (from 0:001 = disadis). This is consistent with measured dislocation
density, dis, of 106 to 1010 cm 2 [37, 56] . There are two typical length scales associated
with a dislocation network that can explain the maximum in supersolid fraction at a con-
ﬁnement of 100m. One typical length is the distance between dislocations which is on
the order of a few microns [63]. The other typical length scale in dislocation networks
is the distance between pinning points at jogs; however that length scale is / e1=T and
therefore diverges for low T, exceeding the dislocation network length below around 1
K. At 100 mK, one can extrapolate the length scale between jogs to be on the order of 1
mm, which is too large.
Vycor: It is plausible that the highly disordered solid that grows in vycor also forms
dislocations. On the other side, no real dislocation network can form in a porous glass
because the conﬁnement to a few nanometers is a lot smaller than the distance between
dislocations.
CP/CT: Dislocations have been detected by sound measurements in constant pres-
sure grown crystals [77]. So the fact that there is NCRI in a constant pressure grown
sample agrees well with a dislocation network.
Frequency/Velocity History: Since the core of the dislocations has been shown to be
superﬂuid [13], the ﬂow would be frequency independent as long as the velocity does
not exceed the critical value. Also, vortices can form.
Thermodynamic Signature at Tc: As for the vacancy gas and the grain boundaries,
one would expect a big heat capacity peak from the Bose-Einstein condensation in the
core, if one assumes a supersolid fraction of 1%. Based on tortuosity corrections one
would expect the heat capacity peak to be even higher than the apparent supersolid
fraction, so the discrepancy would be about 4 orders of magnitudes.
29Low T behavior: Dislocations induce disorder in the system and are quantum me-
chanical tunneling systems. So their low temperature heat capacity contribution would
be expected to be linear, as for a glass and every tunneling system - consistent with
experiments.
No DC ﬂow: The mass that can be transported along a dislocation line is very small.
Things get worse because dislocations are one dimensional objects that could have dif-
ferent orientations with respect to the applied pressure gradient. If ﬂow can only occur
along the axis of the dislocation, this would make a pressure signal by compressing one
side minuscule. So it’s possible to reconcile dislocations with the absence of DC ﬂow.
2.3.5 Vortex Liquid
3He: 3He impurities will nucleate vortices and tend to destroy the superﬂuidity. It’s
conceivable that few atoms have a quite big impact.
Critical velocity: The motion of a vortex of length L has a time scale of mL2
~2 which
is orders of magnitude too long compared to the oscillation period.
Velocity history: Vortices can leave the sample quite easily but cannot enter the solid
again at low temperatures. This is consistent with the vortex liquid model.
Frequency dependance: When the rate of vortex motion matches the frequency of
the oscillator, a dissipation maximum appears [1]. Therefore, a higher frequency of
a torsional oscillator would predict a higher maximum temperature of the dissipation
peak. This is consistent with the experiments, where the supersolid transition tempera-
ture increases slightly (4 mK) at twice the frequency.
30Table 2.1: Summary of applicability of dierent microscopic models to experi-
mental observations. The meaning of the symbols is as follows: X:
theory and experiment are consistent, –: theory and experiment do not
agree, ?: theory does not have predictions. As can be seen, no theory
can currently describe all of the experiments in a satisfactory way.
Model
3
H
e
c
o
n
c
e
n
t
r
a
t
i
o
n
M
a
g
n
i
t
u
d
e
o
f
v
c
p
d
e
p
e
n
d
e
n
c
e
M
a
g
n
i
t
u
d
e
o
f
N
C
R
I
N
C
R
I
i
n
p
o
r
o
u
s
m
a
t
e
r
i
a
l
s
V
e
l
o
c
i
t
y
h
i
s
t
o
r
y
C
P
/
C
T
g
r
o
w
t
h
F
r
e
q
u
e
n
c
y
i
n
d
e
p
e
n
d
e
n
c
e
H
e
a
t
c
a
p
a
c
i
t
y
T
h
e
r
m
o
d
y
n
.
l
o
w
T
b
e
h
a
v
i
o
r
N
o
D
C
ﬂ
o
w
Vacancy gas – – – X X X X X – X –
Superglass – – X X – X X X – X ?
Dislocations X – X X X X X X – X X
Grain Boundaries X – – – X X – X – X X
Vortex Liquid X ? ? ? ? X ? X ? ? X
Glass transition X – X X – – – – X X X
No DC ﬂow: Non-classical rotational susceptibility does not predict any response to
a pressure gradient, so the lack of ﬂow would be expected in a vortex liquid.
2.3.6 Overview
The evaluation of the six categories of theories are summarized in Table 2.1.
In conclusion, it seems to me like none of the theories capture all the aspects of the
experimental evidence: Two of the major experimental observations that really do not ﬁt
31together with any theory are the associated entropy with the heat capacity measurements
as well as the magnitude of the critical velocity.
While I have no explanation for the size of the critical velocity, the small heat capac-
ity peak could be explained with a combination of two classes of defects, one of which
is superﬂuid with a higher transition temperature (explaining the high NCRI signals)
and one of which establishes macroscopic phase coherence (explaining the small heat
capacity peak). One natural guess from the Table 2.1 would be to combine superglassy
regions with a defect network [14] which have dierent transition temperatures. While
the transition temperature for a superglass has not been predicted in Monte-Carlo stud-
ies [14], it might well be a higher temperatures which would signify that all one sees at
the transition temperature is the superﬂuid transition of the links. Obviously, since only
a small portion of the superﬂuid is contained links the peak in heat capacity would be
expected to be anomalously small.
32CHAPTER 3
TORSIONAL OSCILLATOR TECHNIQUE
3.1 Principle of a Torsional Oscillator
The torsional oscillator is a powerful technique that detects small changes in rotational
inertia, I. The moment of inertia, I, and resonance period of the oscillator, P, are related
by
P =
1
2
r
I
k
: (3.1)
Here k is the torsional spring constant. The inertia, I(T), consists of the moment of
inertia of the helium solid and of the container.
When the solid helium in the torsion bob is cooled below the supersolid transition
temperature the rotational inertia drops. The supersolid fraction, s=, is deﬁned as the
moment of inertia drop below the critical temperature divided by the change of inertia
due to ﬁlling the cell with solid helium extrapolated to zero temperature:
s

(T) =
I(Tc)   I(T)
I(0)   Iempty(0)

P(Tc)   P(T)
P(0)   Pempty(0)
(3.2)
The approximation is possible because both moment of inertia changes are very
small. The supersolid fraction can be alternatively called nonclassical rotational inertia
- I am going to use both terms interchangeably.
3.2 Running a Torsional Oscillator
A torsional oscillator’s motion is driven and detected capacitively: While torsion rod
and torsion bob are grounded, a high DC voltage, V0, is applied to the moving elec-
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Figure 3.1: Overviewofoursetup: Theoscillatorisisolatedagainstmovementsof
the mixing chamber through a vibration isolator. The frequency of the
vibration isolator has been estimated to be about 80 Hz in our setup.
The oscillator is driven and its motion is detected electrostatically.
trodes. Most of the time we supplied the voltage with a three batteries in series, together
they yielded a voltage of about 200 V. The drive electrode is supplied with a small (mil-
livolt) AC voltage, VD, and an electrical force, Fel, builds up between both plates. The
magnitude of the electric force can be determined from
Fel = qE =
CV2
d

C(V2
0   2V0VD)
d0
(3.3)
In order to determine the velocity of the oscillator from the measured AC voltage,
34Vmulti, we use the deﬁnition of capacitance:
I =
d
dt
(V0C) (3.4)
Since V0 is constant we get:
i =
V0vCdet
d0
(3.5)
Attention: Cdet is the capacitance of BOTH plates, d0 the distance between the ﬁxed and
the magnesium electrode. Solving this for the maximal velocity, we obtain:
vmax =
Voscppd0
2GCdetV0
(3.6)
To convert the current i to the voltage Vmulti on the multimeter (RMS voltage):
Voscpp =
2
p
2
100
Vmulti (3.7)
These two equations together yield ﬁnally for the velocity at the midpoint of the elec-
trodes:
velec =
p
2Vmultid0
100GCdetV0
= 7:071  10
 13Vmultid0
Cdet
(3.8)
with G = 108 A/V, d0 =
A"0
C (A =1.27 10 4m2, "0 = 8.854 10 12 F
m), V = 200 V
vmax = velectr  0:190in=0:625in Cgeom (3.9)
with 0.190 in half of the length of the sides of the square, 0.625 in distance from
center to center of magnesium electrode. The factor Cgeom is 1.3506 in a square and 1 in
cylinders and annuli.
Withtypicalexperimentalnumbersofmaximalamplitudeof0.8Vonthemultimeter
(Cdet = 7.55 pF, d0 = 298m, C = 3.78 pF): velectr = 22.3 m/s and vmax = 9.16 m/s.
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Figure 3.2: Electric circuit diagram.
3.3 Electrical Circuit Diagram
The block diagram of the usual oscillator driving circuit is shown is Fig. 3.2. The main
idea is to run the oscillator on resonance and record both the resonant frequency as well
as quality factor of the oscillation.
The moving electrodes are strongly biased with 200 Volts. As a power source we
36have switched from a voltage supply to a number of batteries in series because the
voltage supply introduced additional noise in our signal. When the torsion bob oscillates
the spacing between moving and ﬁxed electrodes changes and induces an alternating
voltage on the two detection electrodes. I typically set the capacitance of the detection
electrodes between 3 and 4 pF, the drive is generally set to about 2 pF. All the electrodes
of the oscillator are connected with coaxial cables to room temperature.
Once the signal leaves the dewar, it is less well shielded against electrical noise in the
room. For that reason, we have a current ampliﬁer (EG&G 5002) on top of the cryostat
to have only very little coaxial cable exposed to picking up electrical signals from the
room. Assuming the gap between moving and detection electrode varies periodically as
d(t) = d0 + dei!t the current is ampliﬁed:
I =
dQdet
dt
= V0
dC(t)
dt
=  i!V0Cdet
d
d0
(3.10)
It is favorable to use a current ampliﬁer over a voltage ampliﬁer because the capac-
itance of the coaxial cables exceeds the detection capacitance, Cdet by a factor of 100.
For the current ampliﬁcation the capacitance of the coaxial cables does not play a role
because it is parallel to the current ampliﬁer [66].
From the ampliﬁer the signal goes to the reference input of a lock-in ampliﬁer with
an internal oscillator. After magniﬁcation and a bandpass ﬁlter (Q = 10), the inter-
nal oscillator locks to the reference and puts out basically a magniﬁed signal with an
adjustable phase. The magnitude of the output can be adjusted by a ratio transformer
(Gertsch). The output of that ratio transformer is then fed back to the drive electrode of
the oscillator.
In order to measure the resonance frequency, we generally take the drive monitor of
37the output of our main lock-in and use it as reference signal for another lock-in (Prince-
ton Applied Research 124A) with a higher quality factor (Q = 100), so the ﬁltering is
stronger. The output of that lock-in goes to a frequency counter (HP 5345) where we
typically average the signal for 100 s.
The quality factor is proportional to the ratio of drive voltage to amplitude. We
measure the drive voltage directly with a multimeter (HP 3457A). Since the signal is
very small (on the order of a few millivolts) and also noisy, we use another lock-in to
ﬁlter it. The drive monitor is used as a reference signal and the oscillator signal as the
input with a phase shift of 0 degree. The output of this ﬁltered signal is again connected
to a multimeter (HP 3457A).
3.4 Design Considerations
3.4.1 General Design
During the course of my Ph.D. I built many oscillators half of which failed due to leaks
or other design ﬂaws. While I only describe design details on the oscillators that were
of most use an overview of all oscillators that we ran is given in Table 3.1 together with
their problems.
All oscillators that are shown in this had a few common features:
 Durability under pressure: The solidiﬁcation pressure for Helium 4 is 26 bar
and the bcc phase occupies a region in the phase diagram up to 31 bar. If we
want to grow hcp solid helium crystals which do not cross the bcc phase we need
a typical initial pressure of 1000 psi, i.e. 67 bars. For the oscillator to survive
38Table 3.1: Information on all oscillators that were run. The resonance frequen-
cies, f, are measured at 4 Kelvin. For the ﬁrst blocked annulus (9), the
expected signal in an unblocked geometry would be around 10 %. Os-
cillator 10 has also low thermal conductivity at the lowest temperatures
because aluminum is a superconductor below 1 K.
# f Geometry Gap S/V Material (s=) Problem/
Hz m cm 1 % Comment
1 253 cylinder N/A 4.2 BeCu 0.6 exploded
2 185 square N/A 3.6 TeCu 0.8 –
3 124 cylinder N/A BeCu 0 signal<noise
4 956 cylinder N/A 5.9 BeCu 0.04 –
5 219 annulus 635 BeCu 0.5 noisy data
6 847 annulus 300 65.6 Mg/BeCu 10.7 –
7 847 annulus 150 131.2 Mg/BeCu 19.9 –
8 950 annulus 271 98.4 Brass 13.5 gap too big
9 829 annulus 549 36.5 Cu < 0.4 blocked
10 485 annulus 74 271.3 Al 17.1 nonlinear
11 485 annulus 74 271.3 Al < 0.8 blocked
these kinds of pressures, the wall thickness should be more than 0.050 in to make
the oscillator mechanically stable. Our ﬁrst oscillator exploded when John tried
to raise the pressure because the wall of the top cap was only 0.030 in thick and
started to move outwards which caused the epoxy-joint to crack and successively
started a leak. We replaced that oscillator by a way more massive one. The mas-
siveness of a typical torsion bob results in relatively high moments of inertia for
the cell, between 50 g cm2 and 130 g cm2.
In our later cells we replaced the common epoxy joints by o ring joints in order to
39have more ﬂexibility with the cells: For the geometry studies, we used a cell into
which we could put cylinders of dierent sizes as to vary the annular gap in an
otherwise identical oscillator. For a torsion bob diameter of 5/8 in we use 12 5-40
screws.
 In situ pressure gauge We typically incorporated a Straty-Adams type pressure
gauge in our torsional oscillator cells, consisting of a parallel plate capacitor with
one plate moving as a result of varying sample pressure. This plate was mounted
on a diaphragm at the top of the torsion bob. To obtain a reproducible pressure
measurement, we made the diaphragm out of hardened BeCu with a typical thick-
ness of 0.030 in. The plates had a diameter of about 5/8 in and the capacitance of
this system was typically 9 pF. From the estimate that 1pF comes from a plate area
of 1 cm2 at 1 mm distance, the spacing we typically obtained would be 0.2 mm.
A good way of setting the spacing is to pressurize the system to 1000 psi at room
temperature and then to epoxy the top plate such that it touches and lays parallel
to the moving plate. Since the stiness of the plates increases at low temperatures,
the plates generally will not touch any more at low temperatures.
 Thermometer and heater on oscillator: One major focus of my research has
been to establish the connection between thermal history of helium crystal growth
and supersolid signal sizes. Particularly for so-called quench cooling, we use the
weakness of the torsion rod thermal link in comparison to the vibration isolator
link (a heat treated, gold plated Cu rod) and mount a heater and thermometer di-
rectly on top of the torsion bob. Heating there creates a quick thermal gradient
between cell and the surroundings such that we can melt the sample without boil-
ing the mash o in the mixing chamber. The thermometer on the cell is a Dale
thermometer with a resistance of 1 k
 at room temperature. It determines the
precise solidiﬁcation temperature of the cell which gives an additional check for
40the pressure of the solid in the cell. This is particularly important in our earlier
large volume cells which dominated the heat capacity and which made the tem-
perature of the cell lag by several hundred millikelvin behind the mixing chamber
temperature during solidiﬁcation.
3.4.2 Annealing Oscillator
The oscillator in which we discovered the eect of annealing had a square cross sec-
tion. The original motivation for this geometry was a theoretical paper by Dash and
Wettlaufer [24] which explained the NCRI at low temperature with slipping of the solid
against the cell walls due to a possible superﬂuid layer. A square cross section locks the
solid against slipping and can be used to falsify that theory.
3.4.3 Geometry Studies Oscillators
The ﬁrst series of oscillators for geometry studies, shown in Fig. 3.3, were held together
with metal o rings (lead for brass and BeCu, indium for aluminum) and 12 typically 5-
40 screws. The advantage of this design was that we could vary the annular gaps easily
by machining inserts of diering diameters, leaving all other parameters constant. The
inserts were machined just to ﬁt the oscillator Also, these oscillators featured the in-situ
pressure gauge I described above. The disadvantage of the design was that the geometry
was not strictly annular due to the pressure gauge; instead it was a combination of an
annular region and two disks at top and bottom due to the Straty-Adams design of the
pressure gauge.
In the second series of oscillators, shown in Fig. 3.4, we moved the pressure gauge to
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With Mg plates, D = 1.27 cm 
Solid helium in annulus 
OD = 14.3 mm 
Width = 0.3 mm, 0.15 mm 
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BeCu pin with two 
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OD = 5.1 mm, 
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Figure 3.3: First series of annular oscillators. At 4 K, the resonance frequency of
these oscillators is 847 Hz, and the quality factor, Q, is 7  105. The
annular gaps are 300 m and 150 m with a mass loading of 204 ns
and 69 ns respectively.
the mixing chamber, trading o sensitivity in determining the sample pressure against a
purely annular geometry. One major diculty in thin annular oscillators is the determi-
nation of the supersolid fraction: Experimentally, we generally measure the period drop
below the transition by ﬁtting the data above Tc with a linear ﬁt and taking the dier-
ence with the actual data. The supersolid fraction is then calculated by taking the ratio
between period drop and the period change from ﬁlling the cell with solid helium. In
our thin cells, the period changing stemming from ﬁlling the cell with solid helium is on
the order of 30 ns. On the other side, the period of the oscillator also increases linearly
with helium sample pressure - a relation which can be easily understood from the fact
that the torsion bob expands upon pressurization, leading to an increase in moment of
42inertia. Since our general growth method, namely the constant volume method, causes
a pressure drop from liquid to solid of about 25 bars, the inertia increase stemming from
solidiﬁcation is completely covered by the huge pressure drops. As an example, in our
current cell the period changes by roughly 2 ns per bar, so the pressure related period
drop during solidiﬁcation is about 50 ns compared to a period increase due to moment
of inertia changes of 40 ns.
There are two alternative routes that are suitable to determine the solid moment of
inertia in the cell: One is to use the temperature dependence of the viscosity of liquid
3He as is discussed in Section 5.3. The second way is to incorporate a removable block
in the annulus. To make the block a hole (using a 1/16 inch end mill) is drilled with
its center on the annular gap. 1/16 in drill bits of the appropriate length are inserted in
order to block the annulus and a small amount of grease is used to seal the gap o. To
measure the NCRI in the open annulus, we use dierent rods o which we took a cut
equal to the gap.
3.4.4 Choice of Material
The typical material choices for high Q torsion rods are either an alloy of beryllium and
copper or coin silver. The machine shop at Cornell sells BeCu25 which means that that
the fraction of Beryllium is 0.025 %. Beryllium is a poisonous material and machining
and polishing of the alloy in the student machine shop have been recently forbidden due
to safety concerns. In order to avoid the wait that comes with ordering an oscillator from
the professional shop we decided to try out aluminum (alloy 6061) as an alternative for
torsion rod material. It worked surprisingly well, yielding a Q at 4 K of about 4  105,
only slightly lower than our average Q in BeCu oscillators.
43Figure 3.4: Latest torsional oscillator: At 4 K, the resonance frequency of this
oscillator is 495 Hz and the quality factor is 8105. The mass loadings
upon ﬁlling the cell with solid helium are 45.5 ns (open annulus) and
42.4 ns (blocked annulus) for a gap of 74 m.
When machining a torsional oscillator, I ﬁrst drill the small hole that will go through
the center of the torsion rod using a mixture of RapidTap and oil. The typical size of
this centered hole is 0.025 in, and the typical length 1 in which means that one has
to take really small cuts of 0.002 in. Also, it makes sense to drill the hole from both
sides. The torsion rod is cut last. For the relatively massive torsion rods that I have
typically machined (diameter > 0.090 in) I like to run the machine at really low speeds
(about 100 revolutions per minute) and to use the 0.1 in wide parting tool. I cut radially
starting from the side far from the chuck to the ﬁnal diameter plus 0.002 in and then take
those last 0.002 in by moving across the length in z direction.
Afterwards, the the BeCu torsion rod is electropolished for about 3 minutes at 7 V in
44asolutionofsalycicacid, hydrocloricacidandwaterinordertomakeasmoothersurface
and it is annealed in vacuum for 8 hours at 316 C [54]. The Aluminum torsion rod was
not polished after machining because it was made to have a very well deﬁned spacing
and both polishing and annealing take o some material (so the gap would increase by
about 0.002 in - 0.004 in).
3.5 Thermometry
We originally used a Dale thermometer with a room temperature resistance of 1 kOhm.
The thermometer was calibrated between about 1.2 K and 4 K in the 510 laboratory
using the relation between vapor pressure and temperature in liquid 4He and shifting old
calibrations of Dale thermometers through the high temperature points.
Successively, we purchased a calibrated Lakeshore ruthenium oxide thermometer
with a calibration between 40 K and 50 mK and recalibrated the Dale thermometer
against it. As the base temperature of the dilution refrigerator lies around 15 mK, we
originally extrapolated the Lakeshore calibration to 15 mK. Recently, we checked and
corrected the low temperature extrapolation with the help of a 3He melting curve ther-
mometer [66]. All other thermometers in use (still, 1K pot, heat exchanger and various
melting curve thermometers) have been calibrated with respect to the Lakeshore sensor.
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PRESSURE GAUGE AND FLOW MEASUREMENTS TECHNIQUES
4.1 Design Considerations
The setup for the pressure cell is shown in Figure 4.1. The basic idea for the design
is to characterize solid helium samples in a similar geometry to the torsional oscillator
torsion bobs with supersolid fractions of up to 20 %. The width of the cell is given by
the thickness of a lead o ring between holder and diaphragm and was set successively to
254 m and 100 m.
The DC ﬂow cell was constructed after having tested the pressure measurements in a
separate cell. The idea is to have two chambers which are separated by a very small slit
(thickness 0.004 in, i.e. about 100 m). Both chambers have one movable wall which
serves both as a means to change the sample volume and also to measure the pressure
with a Straty-Adams gauge. In order to build up a pressure dierence in the cell, a
magnetic ﬁeld is induced in the ﬁxed plate of the pressure gauge and applies a force on
the second plate which is attached to the diaphragm. The second plate can for example
be made out of a high magnetic susceptibility material, such as iron, or out of a piece of
superconductor. In our ﬁnal design we used mild steel (1018 steel) because it was most
easily available. The permeability of steel is about 1000 (by a factor of 3 lower than for
iron). To improve the permeability, the steel was annealed by heating it up with a torch
until it turns red.
In order to estimate the pressure dierences that can be obtained in such a conﬁgu-
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Figure 4.1: Straty-Adams pressure gauge. The resolution of the gauge is 5bar.
The material for most of the cell - except for the plates of the capacitor
- is annealed BeCu. The spacing of the sample cell which contains the
helium is set by the thickness of the lead o ring between diaphragm
and holder.
ration, we start by calculating the magnetic ﬁeld, B, of a coil parallel to its axis:
B(z) = N 
0I
2
cos()
a2 + z2
= N 
0I
2
a
(a2 + z2)
3
2
= N  2:512  10
 6N/Am
where the current I is on the order of 10 3 Ampere, the coil diameter a is 0.5 cm, the
vertical distance from the disk z is 100 m, N is the number of turns of the coil, and 0
47= 4  10 7N/A2.
In order to use the magnetic ﬁeld to push on the diaphragm, the material for the
moving plate could be a superconductor (Nb). The magnetic ﬁeld in a superconductor
is described by London’s equations:
h =  cr  (Js) (4.1)
with  = m
nse2, and combine this with Maxwell’s equation:
h =
4
c
J: (4.2)
Combining both Maxwell equations yields:
r
2h =
h

(4.3)
For Niobium, the penetration depth, , is about 470Å. Solving the equation with bound-
ary conditions that the ﬁeld outside of the superconductor is B(z), the averaged magnetic
ﬁeld inside the superconductor is:
B = Bout
2
d
tanh(
d
2
) (4.4)
So the superconductor is close to a perfect diamagnet. Assuming that the penetration
depth is zero we can calculate the force of coil on a superconducting plate with the
method of images:
F = NI
Z
dr  B (4.5)
= N
2I
2
a2
a2 + 4z4 (4.6)
= N
2  3:9478  10
 6N (4.7)
For a coil with hundred turns, 1mA of current yields a force of 0.039478 N. Adding
an iron core to the coil increases the magnetic ﬁeld by a factor of (1+3000), so the force
is 100 N for iron core coil. This force creates a pressure dierence between both solid
helium reservoirs of (diaphragm area = 2.31  10 4m2) 106 Pascal, i.e. 10 bar.
484.2 Construction of the Slit
In order to make 0.004 in slit, one has make two round pieces of the desired diameter
and take half o in the milling machine half. The slit is milled in one half. After the
machining is completed, both sides are glued together with stycast 2850. In order to
keep epoxy from blocking the slit I put some plastic foil in it before joining the halves.
Epoxy does not adhere well to the plastic foil of in which microdots come. While
the epoxy is setting, the two halves are held together in an aluminum cylinder and are
prevented from sliding vertically with the help of C clamps.
For the torsionrod-like structure, I used a 0.061 in wide parting tool and ran machine
veryslowly(85revolutionsperminute)cuttingslowlywhilewatchingthechipform(not
the dial). When the ﬁrst cut was completed, I moved the tool by 0.040 in and repeated.
After the ﬁnal cut, leave the parting tool at the ﬁnal diameter and move vertically along
the ﬁnished rod to smoothen it.
4.3 Coil
To wrap the coil properly, I made a groove into the wire holder. This prevented the coil
from sliding o one side while being wrapped. One has to be careful that no epoxy
is trapped between the two capacitance plates because it has a temperature dependent
dielectric constant. I wound about 50 turns around the post.
494.4 Setting of Capacitance Plates
The capacitance plates were set by pressurizing the cell at room temperature to 910 psi
and then epoxy upper plate such that it touches the movable plate. I only set one plate
at a time. For 1 in diameter capacitance plates, this gives a capacitance on the order of
90 pF.
One additional problem arose from the fact that the thermal expansion coecient
of iron is by 25 % lower than the one for copper. Between low temperatures and room
temperature, the spacing would decrease b about 0.001 in. After we experienced several
shorts when we pressurized the cell at low temperatures, we added copper foil spacers
of 0.003-0.004 in, yielding a room temperature empty cell capacitance of about 44 pF
which would increase to about 80 pF at 4 K.
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EXPERIMENTAL PROCEDURES
5.1 Constant Volume Growth and Standard Determination of Solid
4He Inertia
When the sample is grown with the blocked capillary method (i.e. constant volume
growth) the cell is ﬁlled with liquid at a certain pressure and then the system is cooled.
A solid block forms somewhere in the ﬁll line because it is heat sunk at 1K pot, still,
heat exchangers and mixing chamber and because they are colder than the cell when
the fridge is started. Crystallites grow from the cold spot down the ﬁll line and cause
the liquid pressure in the cell to drop. When the remaining liquid in the cell freezes the
pressure drops even further until solidiﬁcation is completed and the period of oscillation
increases because the solid couples completely to the motion of the torsional oscillator
and the liquid’s penetration depth at typical experimental frequencies is only about a
few micrometers. I generally pressurize the liquid to 68 bars and end up with a solid
pressure of 40 bars. A cartoon of the growth process and the thermodynamic path of the
sample are shown in Figure 5.1.
The constant volume growth technique is the simplest technique to grow helium
crystalsandisknowntoresultinpolycrystalswithmanydefects[32,77]. Morespeciﬁcs
about other crystal growth techniques and a complete literature overview of the connec-
tion between growth technique and number of defects can be found in chapter 2, ”The
solid phase, meet and greet”, of Tony Clark’s thesis [21].
The typical way of determining the solid inertia which is needed to compute the
NCRI is to simply measure the period increase during solidiﬁcation in the cell. In Figure
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Figure 5.1: Cartoon of the blocked capillary technique for helium crystal growth.
The cell is ﬁlled with liquid at 4 K and the system is subsequently
cooled down. Solidiﬁcation starts at the coldest spot in the ﬁll line and
crystallites grow from the ﬁll line into the cell. During solidiﬁcation
the pressure drops because the sample solidiﬁes at constant density.
5.2, period and dissipation are plotted as a function of temperature during solidiﬁcation
of a sample in oscillator # 4. The period changes by 1.2 s during solidiﬁcation and in
order to determine the supersolid fraction the period drop below the supersolid transition
has to be divided by this period shift.
This method works as long as the inertia change upon solidiﬁcation is big. For
conﬁned samples whose inertia is very small compared to the inertia of the torsion bob,
the period increase from solidiﬁcation is obscured by the large pressure drops that take
place during solidiﬁcation. Since the cell expands with pressure the period is a linear
function of pressure; this is shown in Figure 5.3. At a typical pressure drop of about 30
bar during solidiﬁcation, the period shifts by at least 30 ns which can be bigger than the
calculated increase.
52Figure 5.2: Period and dissipation are shown as a function of temperature during
solidiﬁcation in oscillator #4. The liquid pressure was 910 psi. The
period shift due to solidifaction of the sample can be determined from
the solidiﬁcation curve to be 1.2 s.
5.2 Determination of 4He Inertia with the Blocked Annulus Method
An alternative to determine the period shift stemming from the solid is to block the ﬂow
in the annulus: Since the annuli that were used are very thin, the backﬂow for viscous
ﬂuid is negligible and a block in the ﬂow couples all of the liquid, not just the viscous
penetration depth, to the oscillator.
In Figure 5.4, the resonance period is shown as a function of applied liquid pressure
53Figure 5.3: Relation between resonance period and liquid pressure in torsional
oscillator #8 (compare Table 3.1). The slope in this oscillator is 1.1
ns/bar; in other oscillators we have observed a slope up to 3 ns/bar
depending on the material used for the torsion bob. The period has
been shifted to 0 ns at 0 bar.
in a blocked annulus: The data points at non-zero pressure are ﬁtted with straight line.
As can be seen from the Figure, the extrapolation of this line to zero pressure is shifted
with respect to the zero pressure measured period. This period oset, P, is the period
change that stems from ﬁlling the cell with liquid. In order to calculate the period shift
due to solid helium the oset is rescaled by the ratio of solid to liquid density, using
solid = 0.2 g/cm3 and liquid = 0.12496 g/cm3.
This method works well when the cell can be blocked and when the spacing is not
too small, because the measurement of the oset uses an extrapolation and is not as
precise as the helium-3 method. As a rule of thumb, I would recommend blocking the
cell when the spacing is equal to or bigger than about 150 m or the expected period
shift upon ﬁlling the cell with liquid is more than 20 ns.
54Figure 5.4: Determination of period shift from ﬁlling the cell with solid helium
in oscillator #10 (compare Table 3.1). The non-zero pressure data are
ﬁtted with a linear function of pressure and the ﬁt is extrapolated to 0
bar to determine the oset in period that stems from blocking of the
liquid. The temperature at which the cell was held during ﬁlling was
3.0 K.
5.3 Determination of 4He Inertia Using 3He Viscosity
Alternatively, the oscillator can be ﬁlled with helium 3 and cool the system down to the
base temperature of the dilution refrigerator. The use of an oscillator as viscometer has
been pioneered by Jeevak Parpia [58].
Helium 3 is a convenient choice to measure the gap because its viscosity, , and
its penetration depth, , increase dramatically below about 200 mK:  / T 2. At high
temperatures, the viscosity is low and the ﬂuid is mostly decoupled from the motion
of the torsion bob. As the temperature is lowered the viscosity and also the dissipation
increase as more and more of the ﬂuid gets dragged with the cylinder until all of the
55liquid is locked in the annulus.
When the penetration depth,  = (
2
!)1=2, is a little less than half the spacing of the
annular cell the dissipation has a maximum. From the peak temperature and from the
period shift upon locking the liquid in the cell, we can therefore determine the annular
gap and simulataneously obtain a check of our thermometer calibrations.
The solution of Navier Stokes hydrodynamic equation for a viscous ﬂuid for oscil-
lating parallel plates with frequency ! [49] has been adapted for a torsional oscillator
by Jeevak Parpia [57] as well as [7]. In their calculation, they determine the dissipation
to be:
Q
 1 =
1
x
P(Tc)2   P2
empty
P2
empty
sinh x   sin x
cos x + cosh x
(5.1)
with x = h=, Pempty is the empty cell period, P(Tc) is the period when the liquid is
completely locked in the cell, and ! the resonance frequency. The maximum of this
curve occurs at x = 2.205. The temperature of the dissipation maximum is proportional
to the inverse square root of the frequency x = hT
(20:225!)1=2 . In order to explore the
frequency dependence, I calculated the maxima of the dissipation for 500 Hz and 800
Hz. The frequency in the experimental cell at 4 K is 485 Hz.
The resonance period is given by [57]:
P(T) = P
2
empty +
P(Tc)2   P2
empty
x
sin x + sinh x
cos x + cosh x
(5.2)
In Figure 5.5 damping and inertia are plotted for dierent width of annular cells
(0.001, 0.002, 0.004, 0.008, and 0.016 in). As one can see from the plot, we can deter-
mine spacings up to about 0.004 in, i.e. 100 m for f = 850 Hz. For the 500 Hz cell, we
can resolve spacings up to 0.005 in.
In Fig. 5.6, 5.7, the temperature of the maximum in dissipation are plotted against
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Figure 5.5: Damping and inertia versus temperature for dierent widths of annu-
lar cells (0.001, 0.002, 0.004, 0.008 and 0.016 in). The vertical line
indicates the current base temperature of 18 mK. The frequency of the
cell is 850 Hz.
Table 5.1: Overview of temperature of dissipation maxima for dierent annular
widths. The resonance frequencies are 850 Hz and 500 Hz, respec-
tively.
width [in] width [m] f = 850 Hz f= 500 Hz
Tmax [mK] Tmax [mK]
0.001 25.4 90.1 117.1
0.002 50.8 45.0 58.7
0.003 76.2 30.0 39.1
0.004 101.6 22.6 29.4
0.005 127 18.0 23.5
0.006 152.4 15.0 19.6
0.008 203.2 11.3
0.010 254 9.0
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Figure 5.6: The temperature of the dissipation maximum is plotted versus annular
width. With our current base temperature of approximately 16 mK,
we can resolve the maximum for annuli up to 127 m. The resonance
frequency of the cell is 850 Hz.
annular spacing for resonance frequencies of 500 Hz and 850 Hz. This data is also
contained in table 5.1.
In practice, we used an aluminum oscillator that did not have great thermal contact
to the closest thermometer and did not know the exact temperature of the helium-3.
However, there are two other ways to determine the solid inertia. The ﬁrst is to ﬁt the
dissipation as a function of period using the empty cell period and the period with all
liquid locked as adjustable parameters. The ﬁt of the data is shown in Figure 5.8.
An independent way to determine the spacing with the helium-3 method is to mea-
sure the height of the dissipation peak: From Figure 5.8, we know that the maximum of
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Figure 5.7: The temperature of the dissipation maximum is plotted versus annular
width. With our current base temperature of approximately 16 mK,
we can resolve the maximum for annuli up to 150 m. The resonance
frequency of the cell is 500 Hz.
dissipation is 7.810 6 which has to be equal to (compare Equation 5.1):
Q
 1
max = 7:8  10
 6 = 0:416843
1
P0

If
I0
(5.3)
using the resonance period, P0, and the oscillator moment of inertia, I0, as input. In
this oscillator, I0 is equalu to 85.14 gcm2. Using the density of 3He 3He(1bar) = 0.0936
g/cm3 [71], the spacing of the oscillator can be determined from the ﬂuid inertia.
The 3He method is particularly useful for very small annuli because the dissipation
maximum shifts to lower temperature in bigger cells and it is most convenient to ﬁt the
curve when one is able to resolve the maximum.
Using the blocked annulus and helium 3 method in the same cell the solid inertia is
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Figure 5.8: Determination of solid inertia with 3He in oscillator #10 (compare
Table 3.1). The empty cell resonance frequency of the oscillator is
485 Hz at 4 K. The part of the dissipation from 3He is shown as a
function of resonance period (blue line). The expected dependence
of dissipation on period (pink circles) can be obtained by numerically
solving Equations 5.1 and 5.2.
determined with an accuracy of 5 %.
5.4 Annealing and Quenching
Ironically, we achieved our most successful anneals with a reduction by more than 95 %
when we did not have good control over the temperature and only heated within about
100 mK of the melting temperature. I think that the reason for the success lies in the
pressure of the solid: Probably the solid did not ﬁll the whole cell because the pressure
was too low but instead left some space of the cell liquid. The presence of the liquid
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Figure 5.9: Simple RC circuit to perform quenches. When the switch is in the
left position, the capacitor is charged with the voltage source. When
the switch is ﬂipped, the capacitor discharges with a time constant of
1 s. To melt a helium sample in a thin annulus, a voltage of 30 volts is
typical.
would then have simpliﬁed annealing completely and could have resulted in a perfect
crystal which is most likely not supersolid.
In later experiments, the 1K pot was cooled and the fridge was slightly circulating
with an inlet pressure on the circulation pump of about 0.3 mm Hg while the mixing
chamber was heated and the temperature was controlled with a Lakeshore resistance
bridge (LS390).
To quench, a simple RC circuit was used with a time constant of 8 seconds (R = 10
kOhm, C = 800 F). The sample heater was mounted next to the thermometer directly
on the cell in order to minimize warming of the mixing chamber. The circuit diagram
of the RC circuit is shown in Figure 5.9. An example for a quench cool is displayed in
Chapter 10.
61CHAPTER 6
OBSERVATION OF CLASSICAL ROTATIONAL INERTIA AND
SUPERSOLID SIGNALS BELOW 200 MK
Reprinted paper with permission from Ann Sophie C. Rittner and John D. Reppy,
Physical Review Letters 97, 165301 (2006). Copyright 2008 by the American Physical
Society.
We have conﬁrmed the existence, as ﬁrst reported by Kim and Chan, of a
supersolid state in solid 4He at temperatures below 250 mK. We have employed a
torsional oscillator cell with a square cross section to insure a locking of the solid
to the oscillating cell. We ﬁnd that NCRI signal is not a universal property of solid
4He, but can be eliminated through an annealing of the solid helium sample. This
result has important implications for our understanding of the supersolid state.
Eunseong Kim and Moses Chan (KC) of Penn State University ﬁrst reported [42]
the observation of supersolid behavior for solid 4He conﬁned within the porous media
of porous gold and Vycor glass. KC followed this remarkable discovery with the ob-
servation of a supersolid or non-classical rotational inertia (NCRI) signal in bulk solid
helium [41]. An important goal, which we have achieved in our experiments, has been
to provide an independent conﬁrmation of the KC observations for bulk 4He. We have
also investigated the inﬂuence of annealing and sample preparation on the existence of
the supersolid state. We ﬁnd that the supersolid state is not a universal property of solid
4He, but that it is possible through crystal annealing near the melting curve to create
samples that show only classical rotational inertia (CRI).
In these measurements we have employed the torsional oscillator technique devel-
oped at Cornell over the past several decades [12]. Oscillators with two dierent sample
62geometries were used in the experiments reported in this letter. The ﬁrst had a cylindri-
cal sample geometry with an internal volume of 2.7 cm3 and operated at a frequency of
253 Hz, while the second had a cubic geometry with a volume of 1.4 cm3 and operated
at 185 Hz. The helium used in the experiments was commercial well-grade helium sim-
ilar to that used by KC in their bulk solid helium work [41]. This helium has a stated
3He impurity level of 0.2 - 0.3 ppm.
Our earliest runs were made with the cylindrical cell. Data obtained with this cell at
a pressure of 27 bar showed an onset of the supersolid signal at a temperature near 0.2
K, with a maximum signal amplitude at 30 mK of 0.6 % of the total period shift seen
upon forming the solid in the cell. The magnitude of this signal is in good agreement
with the observations of KC made under similar conditions and provides a conﬁrmation
of their results. In an attempt to improve the size of our NCRI signal we increased the
sample pressure toward 55 bar. The cell failed before reaching this pressure.
A diagram of our second cell is shown in Fig. 6.1. The design is similar to that
of our ﬁrst cell with several signiﬁcant modiﬁcations. First, we have converted the
interior of the cell to a nearly cubic geometry by epoxying a Tellurium-Copper insert
into the cylindrical volume of the Beryllium-Copper oscillator. The insert was machined
to provide a cubic sample region. We incorporated a capacitance strain gauge at the top
of the cell which allows us to determine the pressure after solidiﬁcation. In addition
we have mounted a heater and thermometer directly on the cell. The solid samples
were grown with the blocked capillary method, where the helium crystal was formed in
the ﬁll line ﬁrst while cooling. The heater on the cell gives us the option to melt the
sample while keeping the helium in the ﬁll line and heat sinks frozen. These changes
have resulted in an increase of the moment of inertia of the cell and reduction of the
resonance frequency from 253 to 185 Hz.
63Figure 6.1: Torsional oscillator: The torsion cell’s motion is excited and detected
capacitively. The AC voltage on the detection electrodes serves as
reference signal for a lock-in ampliﬁer to keep the oscillation in res-
onance. At 4 K, the mechanical quality factor is 9 x 105, and the
resonance frequency is 185 Hz.
We were motivated to adopt the noncircular sample geometry by the recent sugges-
tion of Dash and Wettlaufer [24] that the reduction in the moment of inertia observed
by KC might be caused by slippage of the solid, owing to grain boundary premelting
at the surface of contact between the solid helium and the walls of the cylindrical con-
tainer. The square cross section of our cubic sample cell provides a geometric locking
of the solid to the oscillating container, so the mechanism of Dash and Wettlaufer [24]
may not be invoked to explain the presence of a NCRI signal. Another possibility is
64that the NCRI signal results from superﬂow along the connected grain boundaries of a
highly polycrystalline 4He solid. Our observations cannot directly distinguish between
this possibility and a more homogeneous ﬂow throughout the solid.
Much of the discussion of the supersolid state is premised on the hypothesis that
Bose-Einstein condensation (BEC) underlies the supersolid phenomenon. For a BEC
superﬂuid, the superﬂuid velocity is determined by the gradient of the phase of the con-
densate wavefunction; for incompressible superﬂow, the condensate phase constitutes a
velocity potential function satisfying Laplace’s equation. Fetter [31] has considered the
problem of superﬂuids within rotating cylinders of various cross-sections. In the case of
a circular cross-section, the superﬂuid can remain at rest while the wall rotates; in the
case of a noncircular cross-section, however, this is not possible because part of the ﬂuid
is displaced by the walls as the cell rotates. In the case of a square cross-section, Fetter
ﬁnds a fraction of 0.156 times the solid body moment of inertia of the ﬂuid is entrained
by the motion of the walls. The tangential velocity of the superﬂow relative the walls
is nonuniform reaching a maximum value, vmax = 1.35 L!/2 [18], at the center of the
side walls, where ! is the angular velocity and L is the edge length of the square cell. In
estimating the rim velocities we take this factor into account. The corners of the square
are stagnation points where the velocity of the ﬂuid relative to the wall is zero and the
ﬂuid moves with the container.
In Fig. 6.2, we show the period (closed circles) and dissipation data, Q 1(stars),
plotted against cell temperature for a typical measurement showing supersolid behavior.
This sample was formed by entering the solid phase at 27 bar. It then took 70 minutes
to cool to 1 K. The data displayed were taken as we cooled at a rate of 100 mK/hour
to the lowest temperature. The maximum velocity at the center of the walls below the
transition temperature is 9.2 m/s. For comparison, we show the period data for the
65empty cell (open circles) set to zero at 0.5 K. We expect the period to be temperature in-
dependent for a system displaying classical rotational inertia. The period data of our 27
bar sample follow CRI down to a temperature near 0.3 K. As the temperature is reduced
the period gradually falls below the CRI value and changes most rapidly below 0.2 K,
where a marked peak appears in the dissipation. These features are the NCRI signals as
seen in the Penn State measurements and signify the transition to the supersolid state.
The sample was cooled through the bcc into the hcp phase, which may explain the large
signal seen for this sample. These data bear a resemblance to the torsional oscillator
period and dissipation data seen for the Kosterlitz-Thouless transition in 4He ﬁlms [12].
The scale for the dissipation is determined by a ring-down measurement of the qual-
ity factor. For the data shown in Fig. 6.2, the dissipation level, Q 1, at temperatures
above the transition is on the order of 1.1 x 10 5, to be compared to an empty cell value
of about 1.0 x 10 6 at the same temperature. For this sample, the solid contributes a sub-
stantialexcessdissipationinadditiontothatoftheemptyoscillator, evenattemperatures
well above the supersolid transition. As will be shown, this additional contribution to the
dissipation of the oscillator is largely absent for samples that do not show the supersolid
phenomenon.
In Fig. 6.3 and 6.4, we show the period and dissipation data for a sequence of
runs which illustrate the eect of annealing on the supersolid signal. The ﬁrst run,
on 01/23/06, shows the characteristic indication of the supersolid transition in both the
period and the dissipation signals. After solidiﬁcation, the cell was cooled at a rate
of 150 mK/hour. Between this run and the next, on 01/24/06, the cell was taken to a
temperature between 1.1 and 1.2 K, still below the melting temperature, and held there
for about 100 minutes and then allowed to cool at a rate similar to that on 01/23. This
“partial” annealing produced a marked reduction in the size of the NCRI period signal,
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Figure 6.2: The resonant period (closed circles) and dissipation data (stars) are
shown as a function of temperature for a sample formed at 27 bar.
The period is shifted by 5.428053 ms, the resonant period at 500 mK.
The period of the empty cell (open circles) is also adjusted to be zero
at 500 mK. The maximum wall velocity below 150 mK was 9.2 m/s.
and there was also a reduction in the magnitude of the dissipation peak.
Following this run, we heated the sample and the mixing chamber to a temperature
well above the melting temperature and then cooled in 30 minutes from the melting
temperature of about 1.5 K back to below 1 K before beginning the run of 01/25. This
rapid cool-down produced a sample in which the full supersolid signal as seen in the
01/23 run was recovered.
In preparation for the next run on 01/26, we again annealed the sample. The sample
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Figure 6.3: The period data are shown as a function of temperature for samples
with dierent preparations. The data are shifted by 5.417 ms. The
empty cell period is additionally shifted in order to be displayed in the
same ﬁgure. The ”partially annealed” sample was held between 1.1 K
and 1.2 K for 5 hours, whereas the ”fully annealed” sample was held
between 1.4 and 1.5 K for 13 hours before cooling down again. The
period drop of these samples is reduced or absent.
was held between 1.4 and 1.5 K for 13 hours before being allowed to cool to near 0.5 K.
Following this “full” annealing process, a low temperature sweep revealed no hint of a
supersolid state in either the period or in the dissipation data.
We have also examined a few samples formed at pressures between 31.5 bar and
34.5 bar with the intention of avoiding any complications associated with the bcc phase.
The higher pressure samples all show the CRI state. This may be due to annealing
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Figure 6.4: Dissipation data are shown as a function of temperature for samples
with four dierent sample preparations. The samples showing a NCRI
signal have dissipations on the order of 8  10 6 above the transition
temperature and display a dissipation peak, while the “partially” an-
nealed sample shows a reduced dissipation above the NCRI transition
temperature and also a reduction the amplitude of the NCRI dissipa-
tion peak. The “fully” annealed sample shows a lower dissipation of
1:210 6 at temperatures above the NCRI transition temperature and
no evidence of a peak in the dissipation at any temperature.
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Figure 6.5: Resonance period (closed circles) and dissipation (triangles) are
shown as a function of temperature for a sample formed at a pressure
of 32 bar. The period is shifted by 5.428185 ms which is the resonance
period at 300 mK. The empty cell period (open circles) is shifted by
5.41704 ms, in order to be displayed in the same panel. The duration
of the cooldown (500 mK to 30 mK) was 7.5 hours. The maximum
wall velocity of the oscillator at 80 mK is 15.6 m/s.
while cooling from the higher temperatures required for entering the hcp solid phase
at pressures above the bcc phase. In Fig. 6.5, we show Q 1 (triangles) and P (closed
circles) of such a sample in which the solid phase was entered at a pressure of 32 bar.
After solidiﬁcation it took 40 minutes to cool below 1 K. The dissipation of 0.7 x 10 6 is
indistinguishable from the empty cell value for this run. The period drops gradually by
3 ns without a distinct drop. We melted and refroze the sample twice without observing
70Table 6.1: The values for the maximum wall velocity, dissipation peak tempera-
ture, dissipation at 300 mK, and the observed period shift at the NCRI
transition temperature, are listed for the data sets displayed in the Fig-
ures 2 - 5. The velocities are calculated at 80 mK, and at 300 mK. The
critical velocities according to [41] are 38 m/s and 5 m/s for 26 bar
and 32 bar respectively. The empty cell dissipation at 300 mK is 1.1 x
106.
p Date v80mK v300mK T(Q 1
max) Q 1 x 106 P
[bar] [m/s] [m/s] [mK] (300 mK) [ns]
First Run 26 01/23 25.4 36.6 163 8.2 27
Partial Anneal 26 01/24 39.6 36.7 186 3.9 6
Melted/Refrozen 26 01/25 16.3 12.9 170 7.9 35
Full Anneal 26 01/26 45.7 44.4 N/A 1.2 0
27 03/30 9.2 11.3 148 11.0 94
32 04/10 15.6 17.2 N/A 0.7 0
the NCRI state. We also repeated these measurements for maximum wall velocities of
13.6 m/s, 15.6 m/s, 20.8 m/s, and 36.6 m/s with the same result.
In table 6.1, we show a summary of velocity and period shift data for the runs shown
in Figures 6.2, 6.3, 6.4, 6.5. According to KC [41], the critical velocity at 26 bar in
an annulus is 38 m/s and the period drop is reduced by about 35 % at 65 m/s. With
maximal velocities of 39.6 m/s, and 45.7 m/s, we would expect a period drop of at
least20ns, areductionby35%. At30bar, KC[41]ﬁndasignalreductionofabout30%
for a velocity of 27 m/s, which cannot explain the absence of NCRI in our experiments;
v80mK is 13.6 m/s.
An important aspect of the data is the correlation between CRI and low dissipation
levels at 300 mK. We believe that the high Q found for our non-supersolid samples
71indicates a state with fewer defects than in the supersolid samples. Together with the
metastability of the NCRI, this observation suggests that crystal imperfections, such as
dislocations, vacancies, and grain boundaries, whose presence is indicated by excess
dissipation, are essential for the existence of the supersolid state.
These ﬁndings are in accord with the recent path-integral-monte-carlo calculations
of B.K. Clark and D.M. Ceperley [23], who ﬁnd that an ideal hcp 4He crystal will not
support BEC or o-diagonal-long-range-order (ODLRO) and consequently is not ex-
pected to display supersolid behavior. Further, M. Boninsegni, N. Prokof’ev, and B.
Svistunov [14] ﬁnd that a degree of disorder is required for the 4He solid to become a
supersolid.
In this letter, we report two ﬁndings. First, we have observed the supersolid signal
for solid 4He samples contained in both cylindrical and cubic geometries. The fractional
period shift observed is of the same order of magnitude as that reported by Kim and
Chan. This contrasts with the report of Keiya Shirahama (Keio University, Japan) [74],
who has observed a supersolid signal an order of magnitude smaller than that seen in
the Penn State and Cornell experiments.
Second, we ﬁnd that the supersolid signal is not a universal property of solid 4He,
but can be reduced and even eliminated in annealed samples. These annealed non-
NCRI samples display lower dissipation levels than the NCRI samples, indicating, we
believe, a lower degree of crystal imperfection. The absence of supersolid behavior in
the annealed samples is supported by the recent theoretical ﬁndings that an ideal hcp
4He crystal does not support ODLRO or BEC [23, 14]. We note that the Penn State
and Keio University groups [17] have both undertaken annealing experiments. Changes
have been seen in the signal size; however, these experiments have not been successful
in eliminating the NCRI signal.
72CHAPTER 7
THE ANNEALING PROCESS IN SOLID HELIUM 4
With kind permission from Springer Since+Business media: Journal of Low Tem-
perature Physics, The Annealing Process in Solid Helium 4, Volume 148, 2007, p. 671,
Ann Sophie C. Rittner and John D. Reppy.
We have used a torsional oscillator with square cross section and a resonance
frequency of 185 Hz to conﬁrm the nonclassical rotational inertia (NCRI) discov-
ered by Kim and Chan[42, 41]. We have also found a strong correlation between
the NCRI signal and a high dissipation Q 1 of 4  10 6 of the oscillation above
the transition temperature. Here, we present preliminary results of the annealing
process in 4He at a pressure of 26 bar. When holding the temperature constant
above 1 K we have observed a immediate rise in the period and a slow decay of the
dissipation. The equilibrium value of Q 1 decreases with increasing temperature.
7.1 Introduction
Eunseong Kim and Moses Chan (KC) of Penn State University ﬁrst observed [41] non-
classical rotational inertia in solid 4He (NCRI) below 250 mK. As previously reported
[69], we were able to conﬁrm NCRI in bulk solid. More importantly, we also observed
classical rotational inertia in the same cell by annealing the sample and by raising the
pressure above 32 bar.
All crystals in the NCRI state had a dissipation Q 1 above 4  10 6 at 300 mK. The
classical rotational inertia state (CRI) was characterized by a relatively low dissipation
of 110 6, comparable to the empty cell dissipation. We believe that this low dissipation
could indicate a state with less defects than in the supersolid samples. This observation
73Figure 7.1: Torsional oscillator: The torsion cell’s motion is excited and detected
capacitively. The AC voltage on the detection electrodes serves as
reference signal for a lock-in ampliﬁer to keep the oscillation in res-
onance. At 4 K, the mechanical quality factor is 9 x 105, and the
resonance frequency is 185 Hz.
suggests that crystal imperfections like grain boundaries or point defects are probably
essential for the existence of the supersolid state.
7.2 Experimental Setup
A schematic view of the oscillator is shown in Fig. 8.1. We used an oscillator with a
volume of 1.4 cm3, operated at 185 Hz. The scale for the dissipation Q 1 is determined
by a ring-down measurement of Q at the base temperature of 20 mK. The empty cell
value at 1 K is 1.0  10 6. A
74The interior of the cell is a nearly cubic geometry which was obtained by epoxying a
Tellurium-Copper insert into the cylindrical volume of the Beryllium-Copper oscillator.
When cooling down, the solid samples were grown with the blocked capillary method
such that the helium crystal was formed in the ﬁll line ﬁrst. The helium used in the
experiments had a nominal 3He concentration of 0.2 - 0.3 ppm. The pressure of the
solid samples, discussed here, was 26 bar.
7.3 Experimental observations
After forming the solid sample, we cooled it down to 20 mK. Below 250 mK, we
observed that the period gradually falls below the empty cell value with the biggest
change below 200 mK. Below 100 mK, the period levels o. The total period drop
is 80 ns, which compares to the NCRI that KC as well as Motoshi Kondi and Keiya
Shirahama[46] observe. Period and dissipation signals for a typical cooldown at this
pressure and velocity are shown elsewhere[69].
Afterwards, we warmed up very slowly such that the sample was held between 1.0 K
and 1.3 K for 16 hours. The period and dissipation (both ﬁlled circles) Q 1 as a function
of temperature are shown in Fig. 7.2, 7.3. At temperatures above 0.8 K, the period rises
steeply by 100 ns until it levels o at about 1.2 K. In the same temperature interval, the
dissipation decays from 16  10 6 (at 0.7 K) to 2  10 6 (at 1.3 K). This contrasts the
behavior between 0.3 K and 0.8 K where we have observed no sudden changes in either
P or Q 1. Since the warm-up was very slow, we believe that the period and dissipation
were in thermal equilibrium.
After having held the temperature between 1.2 K and 1.3 K for nearly 12 hours, we
lowered the temperature again below 1 K. The period and dissipation (open circles) of
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Figure 7.2: The resonant period while warming up (closed circles) and cooling
down (open circles) is shown as a function of temperature for a sample
at 26 bar. The data was taken while warming up slowly after a cool-
down that showed NCRI with a period drop of 80 ns. The maximum
wall velocity is 80 m/s.
this cool-down are also shown in Fig. 7.2, 7.3. When the temperature is lowered the
curves do not reverse. Instead, the period drop is reduced to 10 ns and the dissipation
exhibits only a small drop to 3  10 6 at 0.7 K. We cooled down through the supersolid
transition and observed a greatly decreased period drop of 7 ns at 170 mK. This is the
”partially annealed” NCRI as reported earlier[69].
Another sample that showed NCRI at low temperatures was warmed up quickly to 1
K. Between 250 mK and 900 mK the dissipation was of the order of 10  10 6 without
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Figure 7.3: The dissipation while warming up (closed circles) and cooling down
(open circles) is shown as a function of temperature for a sample at
26 bar. The data was taken while warming up after a cool-down that
showed NCRI and Q 1[300 mK] of 16 10 6. The maximum wall
velocity is 80 m/s.
any sudden changes and the period increased only gradually. We also observed a grad-
ual increase of the empty cell period when warming. After reaching 1 K, we warmed
up in steps, holding the temperature for about an hour each at 1 K, 1.2 K and 1.44 K.
The melting temperature of 4He at 26 bar is 1.5 K. In Fig. 7.4, we show an example of
dissipation and period versus time at a temperature of 1.2 K. When the temperature is
held constant, the period rises immediately (not shown in Fig. 7.4) whereas the dissipa-
tion decays slowly to an equilibrium value Q 1
0 . We ﬁt the data to an exponential decay
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Figure 7.4: The dissipation data (circles) and resonant period (stars) are shown as
a function of time at 1.2 K. The data was taken after a cool-down with
a period drop of 50 ns at a pressure of 26 bar. The period is shifted by
P*( = 5.428337ms), theresonant periodat1.2K.Thedissipation data
is ﬁt exponentially (red line) and yields a time constant of 8 minutes.
and obtain a time constant of about 8 minutes. This time constant is similar for the
three temperatures. With increasing temperature, the period increases which conﬁrms
the temperature dependence observed in the sweep (Fig. 7.2). The dissipation drops
from 8.6  10 6 (1 K) to 2.9  10 6 (1.2 K) and ﬁnally 2.5  10 6 (1.44 K). The period
rises from 5.428310 ms (1 K) by 27 ns (1.2 K) and 45 ns (1.44 K) respectively. The
equilibrium values for period and dissipation match the ones found in Fig. 7.2, 7.3.
787.4 Discussion
We ﬁnd that the NCRI is associated with a state of high dissipation, Q 1, for the 4He
solid which may be caused by defects in the crystal. The absence of supersolid behavior
in the annealed samples is supported by the recent theoretical ﬁndings that an ideal hcp
4He crystal does not support ODLRO or BEC [23, 14]. When we warm up and anneal
the sample the dissipation decays to almost the empty cell value of 1.0  10 6. One may
explain this drop with defects or dislocations leaving the crystal.
KC and Shirahama have also undertaken annealing experiments [44], but have not
beenabletoeliminatetheirNCRIsignals. Wenotethattherearedierencesingeometry,
pressure and frequency between the experiments. At the moment, we do not know how
the experimental dierences contribute to crystal quality and to successful annealing.
We also ﬁnd that the dissipation does not decay to its lowest value of about 1  10 6
at temperatures at and below 1.44 K. Instead, the equilibrium value for the dissipation is
temperature dependent such that higher temperatures are needed in order to completely
remove the NCRI signal.
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79CHAPTER 8
DISORDER AND THE SUPERSOLID STATE
Reprinted paper with permission from Ann Sophie C. Rittner and John D. Reppy,
Physical Review Letters 98, 175302 (2007). Copyright 2008 by the American Physical
Society.
We report torsional oscillator supersolid studies of highly disordered samples
of solid 4He. In an attempt to approach the amorphous or glassy state of the solid,
we prepare our samples by rapid freezing from the normal phase of liquid 4He.
Less than two minutes is required for the entire process of freezing and the subse-
quent cooling of the sample to below 1 K. The supersolid signals observed for such
samples are remarkably large, exceeding 20 % of the entire solid helium moment
of inertia. These results, taken with the ﬁnding that the magnitude of the small
supersolid signals observed in our earlier experiments can be reduced to an unob-
servable level by annealing, strongly suggest that the supersolid state exists for the
disordered or glassy state of helium and is absent in high quality crystals of solid
4He.
Following the discovery by Kim and Chan (KC) [42, 41] of the supersolid or non-
classical rotational inertia (NCRI) state of bulk solid 4He, several independent groups
using the same torsional oscillator technique have conﬁrmed the KC supersolid results.
These include the Japanese groups of Shirahama et al. [74], working at Keio University,
and Kubota et al. [59] at the ISSP, as well as our group [69] at Cornell University. In
these early experiments, the solid samples were formed by the blocked capillary tech-
nique. In this method the ﬁll line to the cell is ﬁrst allowed to freeze ensuring that solid-
iﬁcation in the cell occurs under a condition of constant average density. This technique
is known to produce relatively disordered polycrystalline samples. The signals observed
80in the early experiments were small representing, at most, a few percent of the total solid
helium mass. The Cornell experiments [69] also demonstrated that the supersolid sig-
nal could be substantially reduced through annealing of the sample. In some cases the
annealing process appeared to eliminate the supersolid signal; i.e., it reduced the super-
solid fraction below the 0.05% level of experimental detection. This signal reduction
upon annealing strongly suggested that sample disorder plays an important role in su-
persolid phenomena. This inference is supported by more recent work by Chan’s group
[44] where high quality crystals were grown under conditions of constant pressure. The
supersolid signals observed for these constant pressure samples were somewhat smaller
in magnitude than those obtained for more disordered samples created in the same cell
by the blocked capillary method.
Recently, there has been a growing consensus in the theoretical community [16, 64,
15, 83] that an ideal hcp helium crystal will not exhibit the supersolid phenomenon, but
rather, some form of disorder such as vacancies, interstitials, superﬂuid grain boundaries
[73, 61], or perhaps a glassy or superglass phase [55, 14] is required for the existence of
the supersolid state. A summary of the current theoretical literature is given in a recent
review [62].
In the measurements reported here, we investigate the role of disorder in supersolid
phenomena. In order to maximize sample disorder we have conﬁned the solid within a
narrow annular region. The small volume and large surface area to volume ratio (S/V)
provided by this geometry allow rapid freezing and subsequent cooling of the sample to
low temperatures, ensuring a high degree of frozen-in disorder. To provide a contrast to
the disordered annular samples, we have also studied the supersolid phenomena in an
open cylindrical geometry where slow freezing and cooling are employed to promote
81Figure 8.1: Torsional oscillator: The motion of the torsion bob is excited and de-
tected electrostatically. A Straty-Adams capacitance gauge, a heater,
and a thermometer are attached on top of the torsion bob. At 4 K,
the resonance frequency with the biggest insert is 874 Hz, and the
mechanical quality factor, Q = 5  105.
the growth of large helium crystals with a relatively low level of disorder.
The torsional oscillator cell employed for these measurements is shown in Fig. 8.1.
A special feature is a removable top plate sealed to the body of the oscillator with a lead
o-ring. This feature allows us to vary the internal geometry of the cell between runs. A
capacitance pressure gauge, along with a thermometer and heater, is incorporated into
the top structure of the oscillator. Cylindrical magnesium inserts can be mounted inside
82the oscillator to provide a range of annular spacings. The sample volume of the cell with
the insert structure removed is 1.8 cm3 with a surface area to volume ratio, S/V = 4.6
cm 1. With a magnesium insert in place, the open volume of the cell is much reduced
and the surface area in contact with the solid helium is nearly doubled. At this time we
have investigated samples formed with two dierent annular gaps: 0.30 mm, and 0.15
mm. For the cell with the smallest gap, S/V = 131 cm 1.
We determined the moment of inertia of the cell to be 51 gcm2 based on the change
in frequency produced by a calibrated variation in the cell moment of inertia. We obtain
the solid 4He moment of inertia, Is, by a calculation based on the density of the solid
helium at the melting temperature and the measured geometry of the cell interior. In
the case of the cell with the 0.15 mm gap, Is = 9:8  10 3 gcm2 for an assumed a 4He
molar volume of 19.5 cm3. The addition of this moment of inertia to the oscillator,
would produce a increase in the oscillator period of magnitude, P0 = 109  4 ns. The
uncertainty in P0 arises almost entirely from the measurement error in determining the
dimension of the 0.15 mm gap.
In previous torsional oscillator supersolid experiments, the quantity, P0, is obtained
from the period shift seen upon freezing. In our case the period shift that occurs during
freezing is complicated by a shift of opposite sign caused by the drop in pressure that oc-
curs during solid formation. The pressure sensitivity of the oscillator period is discussed
below. In the case of our 0.15 mm gap samples the period shift due to the pressure eect
is on the order of 20 - 30% of P0. Therefore, we have chosen to calculate P0 rather
than rely on a pressure correction to the period shift seen on freezing.
Otherwise, the experimental procedures followed in these measurements are similar
to those employed in our earlier work [69]. As a ﬁrst step, an empty cell run is made
to determine the temperature-dependent backgrounds for the torsional oscillator period,
83dissipation, and the capacitance pressure gauge. The helium used for our samples is
commercial grade helium with a reported 3He concentration of 0.3 ppm. After the cell
is ﬁlled with liquid 4He, the capacitance pressure gauge is calibrated at 4 K for pressures
up to 70 bar. As the pressure is raised during this calibration, the oscillator period is
observed to increase linearly with pressure, with a sensitivity of 1.14 ns/bar. In our
measurements discussed in this letter, the samples were all formed at pressures above
hcp-bcc triple point to avoid complications due to the bcc phase.
In Fig. 8.2 we show period and dissipation, Q 1, data as a function of temperature
for two runs with the 0.15 mm gap cell. The lower set of period data was obtained
for the ﬁrst run following the initial freezing of the sample. In this case the freezing
and subsequent cooling to below 1 K took place over a three-hour period. During this
relatively slow cooling process we believe that a certain amount of sample annealing
can take place, resulting in a relatively small supersolid signal obtained by taking the
dierence between the period data and a linear ﬁt to period data above the supersolid
transition. A further decrease in cooling rate, taking 14 hours to cool below 1 K, did
not result in an additional decrease in signal size. The upper data set was obtained
after a ”quench” cool of the sample. In this procedure, the sample is melted by a heat
pulse applied to either the cell heater or the cell thermometer. As soon as melting has
occurred, as indicated by the pressure and period signals, the heat is turned o and
the sample rapidly freezes and cools to a temperature below 1K in a time interval of
approximately 90 seconds.
The most important feature of these quench-cooled data is the large increase in the
magnitude of the supersolid signal. For this sample, the period reduction, P(T), at
50 mK is about 22 ns and corresponds to a supersolid fraction, s=  P(T)/P0,
amounting to a 20% fraction of the solid helium moment of inertia opposed to 6 % for
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Figure 8.2: Period and dissipation are shown as a function of temperature for the
annular cell with 0.15 mm width. The ﬁrst sample (open circles) was
cooled to below 1 K over a period of three hours. Following this low
temperature run, the sample was rapidly melted and quench-cooled
(solid circles) to below 1 K in 90 s. The sample pressures were 41 bar
(open circles) and 51 bar (solid circles) and the rim velocities at 300
mK were 9.7 m/s (open circles) and 5.9 m/s (solid circles) respec-
tively. The value of P* for both samples is 1.144785 ms.
85theslowlyfrozensample. Similarly, thesupersolidfractioninthe0.3mmannulusvaried
from 4 % (for slowly frozen samples) to 6 % after a quench cool. Although this signal
is more than an order of magnitude larger than any reported for previous experiments
[42, 41, 74, 59, 69], the general temperature dependence of both the supersolid signal
and the dissipation data are similar to that of the earlier data.
In a signiﬁcant recent experiment, Sasaki et al. [73] have observed grain-boundary
mediated superﬂow in solid samples in contact with the superﬂuid phase. These authors
suggest that superﬂow along the surface of grain boundaries may be a possible expla-
nation for the supersolid signals observed by KC. Although the small signals observed
in the early experiments might be explained by this mechanism, it is dicult imagine
grain boundaries occupying 20% or more of the sample volume, as would be required to
explain the signals in the present experiments. A solid helium sample with such a high
concentration of grain boundaries might better be described as a glass.
Another feature of the data shown in Fig. 8.2, is an increase in the period of the
oscillatorfollowingthequench-cool. Thisincreaseintheperiodisprincipallyassociated
with the substantial increase in the sample pressure of 9.7 bar resulting from the quench-
coolprocess. Webelievethatthisincreaseisaresultofinﬂationarypressurearisingfrom
the increased disorder in the sample. Vacancies, microscopic voids, or a possible glassy
phase are the most obvious candidates for the source for the inﬂationary pressure. If so,
the excess pressure provides a convenient measure of the relative degree of disorder in
the sample.
Annealing of this sample at temperatures near the melting value will lead to a reduc-
tion in the level of disorder and should also lead to a reduction in the sample pressure.
To test this idea, we have raised the temperature of the sample to 1.57 K where ther-
mally activated annealing is expected on the basis of our earlier work [69]. In Fig. 8.3
86we plot both the oscillator period and the sample pressure as functions of time during
the annealing process. Both the pressure and the period are seen to relax with a time
constant of approximately one hour. After waiting 10 hours the pressure approaches a
constant value, 7 bar below the pre-annealed value. A further increase in the temper-
ature to 2.0 K produces a further drop in pressure with a much faster relaxation time.
The reduction in pressure during the annealing of disordered solid 4He samples is not
a new phenomenon, but has been reported a number of times by other experimenters,
most recently by [36] in a paper reporting evidence for a glassy phase in 4He samples
grown by the blocked capillary method.
We have also studied the inﬂuence of velocity on the magnitude of the supersolid
signal for the 0.15 and 0.30 mm annular cells. In general, the results are similar to
those reported by KC for their 0.63 mm annular cell; however, we ﬁnd a critical velocity
which is a factor of 4 higher than for the KC data.
To further investigate the inﬂuence of disorder on the magnitude of the supersolid
signal, we have formed solid samples in a 951 Hz oscillator with a relatively large, 1.8
cm3, open cylindrical volume and S/V of 5.84 cm 1. The samples formed in this cell
require two hours for the freezing of the sample and the subsequent cooling to below
1 K. Given the relatively slow cooling through the annealing temperature range, T > 1
K, we expect a polycrystalline sample with relatively large crystals and a signiﬁcantly
reduced level of disorder as compared to the quench-cooled samples.
In Fig. 8.4 we display period and dissipation signals for these samples. The super-
solid signals are very small, on the order of 3:1  10 4 of the total solid helium moment
of inertia for velocities as low as 9 m/s. Thus, an alteration in sample preparation and
the surface to volume ratio can lead to a reduction in the amplitude of the supersolid sig-
nal of three orders of magnitude. We believe that the extremely small signals observed
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Figure 8.3: Pressure and period are shown as a function of time during anneal-
ing. The temperature is set to 1.57 K, the melting temperature of the
sample is 2.35 K.
for these large open volume samples can most likely be attributed to remnant vestigial
disorder in the sample and do not represent supersolid ﬂow within the helium crystallites
themselves.
In Fig. 8.5 we give an overview of the relation between the surface to volume ratio
and the maximum and minimum observed supersolid signals. The data shown in this
plot demonstrate a clear trend for increasing su persolid signal with increasing surface
to volume ratio. As S/V increases, the possibility of greater frozen-in disorder increases,
since the samples can be frozen and cooled more quickly and also because the disorder
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Figure 8.4: Period and dissipation are shown as a function of temperature in a
cylindrical cell with a volume of 1.8 cm3. The sample (solid circles)
was frozen and cooled below 1 K in 2 hours. The sample pressure was
32 bar and the rim velocity at 300 mK was 24.7 m/s. At a velocity
of 9 m/s, the graphs are identical. We also display the empty cell
period and dissipation (open circles). The values of P* are 1.054064
ms (solid circles) and 1.052100 ms (empty cell).
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Figure 8.5: Overview for a range of supersolid fractions as a function of surface
to volume ratios from dierent researchers. All the data obtained by
blocked capillary method is above 31 bar in order to avoid complica-
tions by the bcc phase. Cornell (closed circles); Penn State, annular
cell (open circles) [41, 43], cylindrical cell Tmelting = 2.17 K (open tri-
angle) [20], and cylindrical cell constant pressure growth 26 bar (open
square) [20]; Shirahama et al. 41 bar (closed triangle) [74]. An upper
bound on the size of the supersolid signal set by our earlier measure-
ments in a square cell at 32 bar [69] is displayed as an inverted closed
triangle.
may be stabilized by a more conﬁning geometry.
At this time, it is still unclear what the exact mechanism for the supersolid phe-
nomenon may be. It is clear, however, that disorder plays a key role in the phenomenon:
90increasing disorder leads to larger supersolid signals while reducing disorder by grow-
ing higher quality crystals has the eect of reducing the supersolid signal, in some cases
below the detectable level. An unresolved puzzle is presented by the results of KC in
vycor [42] and porous gold [43]; in both cases the S/V ratios are orders of magnitude
larger than for our cells, yet the supersolid fractions are on the order of 2%.
We would like to acknowledge useful conversations with M.H.W. Chan, A.C. Clark,
E. Mueller, K.Hazzard, V. Elser and G.V. Chester, and we also thank J.V. Reppy for
editorial assistance. The work reported here has been supported by Cornell University,
the National Science Foundation under Grant DMR-060584 and through the Cornell
Center for Materials Research under Grant DMR-0520404.
91CHAPTER 9
PROBING THE UPPER LIMIT OF SUPERSOLIDITY
The torsional oscillator experiments that are reported here are intended for publica-
tion in the Physical Review Letters.
The goal of this study was to increase the conﬁnement of solid helium samples
beyond 150 m [70] and to study the connection to the observed supersolid signals. The
experimental setup of these measurements is described in Section 3.4.3 and a picture of
the cell is shown in Figure 3.4. The technique that was used to measure the solid inertia
in order to determine the supersolid fractions from the observed period drop is described
in Chapter 5.
The main result of this series of experiments is displayed in Figure 9.1. Supersolid
fractions are shown as a function of surface, S, to volume, V, ratio which for thin annular
cells with height h, thickness t and inner radius r simpliﬁes for tr to
S
V
=
2  2rh + 2[(r + t)2   r2]
h[(r + t)2   r2]

4rh
2rth
=
2
t
: (9.1)
Foropenlargegeometries, thesupersolidfractionissmall. Withincreasingconﬁnement,
the signal size increases dramatically by 3 orders of magnitude [70] and has a broad
maximum at S/V = 100 cm 1. At even stronger conﬁnement, the supersolid signals
decrease back to 1 % for S/V = 105 cm 1.
The most important pieces of information contained in Figure 9.1 are the size of
the maximum signal and the length scale at which the maximum signal occurs. The
magnitude of maximum NCRI basically rules out the explanation of superﬂow by a 3-
D network of grain boundaries. From Kosterlitz-Thoughless theory of thin ﬁlms, the
92Figure 9.1: The supersolid fraction, s=, is plotted as a function of the surface to
volume ratio which is inversely proportional to the annular width. The
geometries for the dierent experiments from left to right are an open
large cylinder (black circle) [70], a cylinder (purple triangle) [6], two
slighly dierent cylinders (open green circles) [22], a cylinder (blue
inverted triangle) [46], a welded annulus (green ﬁlled circle) [81], an
annular cell (green open circle) [41], thin annuli (black circles and red
stars) [70, 67], porous gold (pink ﬁlled circle) [43], and smaller pore
size porous gold (green open circle) [43].
93thickness of grain boundaries can be estimated from the transition temperature, Tc:
t = kbTc
2m2
~2s
(9.2)
where kB is the Boltzmann constant, m is the eective mass, ~ is the reduced Planck
constant and s is assumed to be the bulk solid density,  = 0.2 g cm 3, times the su-
perﬂuid fraction. The Tc corresponds to a thickness of a tenth of Ångstroms. In order
to obtain the experimentally measured supersolid signals of 20 %, the grain size would
have to lie around one Ångstrom, i.e. one crystallite would contain only one atom.
Clearly, this contradicts the physical picture of grains.
Similarly, the signal magnitude is also dicult to reconcile with a a 3-D disloca-
tion network with superﬂuid cores. Assuming no tortuosity correction, the measured
dislocation density in a sample space with a characteristic length of about 1 cm (S/V
= 2 cm 1) [77] is consistent with the expected supersolid signal of 0.1 % in a similar
geometry (see Chapter 2). On the other hand, a supersolid fraction,
s
 j3D, of 20 % that is
due to a dislocation network, implies that the density of dislocations has to be 1013 cm 2
assuming the superﬂuid core has a radius of 6 Å [14]. Assuming a square lattice of dislo-
cations, this density corresponds to a spacing between dislocations of 3 nm. This is three
orders of magnitude higher than the highest measured dislocation density and makes it
unlikely that this model explains the NCRI. The dependence of dislocation density on
conﬁnement has not been studied: In particular, the dislocation density has never been
measured in very conﬁned cells. This would be a crucial test of the dislocation model.
An indication for an increase of dislocation density in small cells could come from our
pressure measurements (see Chapter 10) in which a disorder contribution to the pressure
was found. The disorder term could stem from a large number of dislocations.
The non-monotonic development of the supersolid signals as a function of conﬁne-
ment can be explained well assuming a dislocation network. The mesoscopic length
94scale at which the maximum fraction occurs could correspond to the typical distance
between dislocations which has been shown to be on the order of micrometers [63, 77].
When the conﬁnement is smaller than the typical distance between dislocation the net-
work would break down and the tortuosity would increase abruptly. Due to a stronger
tortuosity, the apparent NCRI would be expected to decrease.
A dierent possible explanation of the general trend of the data in Figure 9.1 is that
of a complicated surface induced phenomenon: In this scenario, disorder concentrates
close to the cell walls and penetrates only by a small amount into the bulk solid. The
supersolid signals would be increase with decreasing cell size because the ratio of dis-
ordered supersolid to normal bulk inertia would increase and would reach a maximum
when the cell spacing matches the half of the penetration depth. A further decrease of
spacing would not increase the NCRI. The required penetration depth for such a model
would be on the order of 50 m.
In my opinion, the most likely interpretation of the mesoscopic length scale is
provied by a theoretical model of superglass regions that are connected with grain
boundariesordislocations. Initialconﬁnementcouldincreasethenumberofsuperglassy
regions which have a characteristic size, , on the order of 100 m. When the cell size
is decreased beyond 100 m, the size of the superglass regions is limited by the radial
conﬁnement. Experimental support to existence of glassy regions in helium samples
comes from pressure measurements in a similarly conﬁned cell (S/V= 78.4 cm 1)) in
which the pressure of the helium samples can be ﬁtted well to a combination of phonon
and glassy contributions (See Chapter 10 and [36]).
A second goal of these experiments was to check if the high apparent supersolid
fractions still could be described in a superﬂuid scenario. For this reason, we repeated
Kim and Chan’s blocked annulus experiment [42]. The basic idea of this experiment is
95to compare the magnitude of supersolid signals in an open and in a blocked annulus of
the same width. The macroscopic phase coherence of the superﬂow leads to a strong
suppression of the signal size when the ﬂow path is blocked. The exact suppression
can be calculated by solving Laplace’s equation for potential ﬂow using the appropriate
boundary conditions. In an annulus with a thickness of 0.65 mm, the period drop that
is observed in an open annulus is reduced by a factor of 200 [53, 42]. The thinner the
annulus is, the smaller the period drop at the superﬂuid transition because counterﬂow
becomes successively suppressed. The annular width in our experiment was 74 m,
more than an order of magnitude smaller than Kim and Chan’s original cell. In this cell
we would expect the supersolid signal in the blocked annulus to lie within the noise.
In Figure 9.2, the period is shown as a function of temperature for both open and
blocked annulus. While the blocked annulus data is noisy - probably due to Clark Hall
construction - it is still obvious that the period at the supersolid transition is suppressed
when the cell is blocked. Given the noise level of the experiment, the upper limit on a
residual period drop in the blocked cell can be placed at 0.8 %. The period drop in the
open cell corresponds to a supersolid fraction of 17.1 %; therefore the introduction of
a block suppresses the signal by at least a factor of 20. Currently, the blocked annulus
experiment is repeated in a bigger cell in order to improve the signal to noise ratio.
One major advantage of our blocked annulus experiments over the original Kim and
Chan result [42] is that the same cell could be reversibly blocked. Kim and Chan used
dierent cells for open and blocked annulus and both with a gap of 0.95 mm [?].
As a third result, we tried to conﬁrm the hysteretic velocity dependence of the su-
persolid fraction below 40 mK [6]. In Figure 9.3, the period is shown as a function of
velocity of oscillation at 23 mK in an oscillator with annular gap of 271 m. The empty
cell background of this technique is shown for comparison (blue circles). For each data
96Figure 9.2: Eect of putting a block in a thin annulus on the NCRI. In the open
annulus, the period drop corresponds to a supersolid fraction of 17.1
%; in the blocked annulus, the upper limit for the supersolid fraction
is estimated to be 0.8% due to noise. The annular gap is 74 m.
point, the velocity was doubled (or halved) and then held for 20 minutes to approach
equilibrium. When the velocity is increased above around 30 m/s, the period drop and
also the supersolid fraction decreases and increases again when the velocity is lowered.
There is only a small amount of hysteresis between the velocity increase and decrease
97Figure 9.3: The period for empty cell (blue circles) and cell ﬁlled with solid
helium (black circles) is plotted as a function of oscillation velocity
while the temperature is held at 23 mK. For each plotted data point,
the velocity was ﬁrst doubled (or halved) and then held for 20 min-
utes in order to approach an equilibrium state. The annular gap of the
oscillator (see Overview Table, oscillator table # 8) was 271 m.
98which can be partially attributed to the long time constant of the high Q oscillator.
The fact that we observe almost no hysteresis between an increase and a decrease
of velocity is in sharp contrast with Aoki et al. observations [6]: When their sample
is cooled at low velocity from the critical temperature down to below 40 mK and the
velocity is then gradually increased, the supersolid fraction stays high and no critical
velocity reduction of the signal is observed. On the other hand, when the sample is
cooled down while oscillating above the critical velocity and the velocity is decreased,
the supersolid fraction increases as expected. Their interpretation of the experiments is
that vortices can leave the sample at low velocities through the boundaries. When the
velocity is increased again, there is to be a higher barrier for them to re-enter the crystal.
Assuming a vortex-pair model [48], the critical velocity would arise from the sep-
aration of vortex pairs of opposite vorticity due to the Magnus force from the oscilla-
tion. The critical velocity depends on the pinning of vortices: The shorter the pinning
distance the higher Magnus force which is required to separate the pair. Our experimen-
tal observation suggests that the pinning distance changes when the cell size is varied;
speciﬁcally, a smaller cell would have a longer distance between pinning sites because
the critical velocity seems generally lower. At present, this seems counter-intuitional
because the disorder seems to increase in a conﬁned cell and also the locations where
vortices would be pinned. From that point of view one would expect the opposite trend
in critical velocity.
The occurrence of velocity hysteresis could be explained in this picture with a higher
energyassociatedwithunpinningthanwithpinningofavortex. Theconnectionbetween
the dierence between these energies and the macroscopic sample size is unclear in this
model.
99On the other hand, assuming the point of view of Aoki et al. one could understand
the lack of hysteresis by a decrease in pinning centers for the vortices when they cross
the sample. This could be easily the case if the pinning centers were helium-3 atoms
and the gap would decrease: If the helium-3 density is constant there would be a simply
less pinning centers present and less pinning decrease the amount of hysteresis.
100CHAPTER 10
PRESSURE MEASUREMENTS OF CONFINED HELIUM SAMPLES
10.1 Functional Form of Pressure as a Function of Temperature
In order to characterize the conﬁned helium samples with high supersolid fractions the
solid pressure was measured in an equally conﬁned pancake cell with a gap of 100 m.
Previously, the smallest gap size for pressure measurements [36] was 1.5 mm. A picture
of the pressure cell is shown in Figure 4.1.
The pressure, p, in disordered helium samples includes four contributions [36]:
p(T) = p0 + pphon + pdis + pvac: (10.1)
Here, p0 is the pressure at zero temperature, pphon is the contribution from phonons,
and pdis is the term stemming from crystalline disorder like grain boundaries, disloca-
tions or glassy regions. Contributions from point defects like vacancies or interstitials,
pvac, have been shown to be negligible below 500 mK [36] because of their high forma-
tion energy.
The phonon contribution is given by:
pphon(T) =
34
5

Vm
R
T4
3
D
= bT
4 (10.2)
with  being the Grueneisen parameter, Vm the molar volume, R the gas constant,
and D the Debye Temperature. Crystalline disorder like dislocations [62], grain bound-
101Figure 10.1: Pressure as a function of cell temperature during blocked capillary
growth. The starting pressure of the liquid is 67 bars and the ﬁnal
solid pressure in the cell is 42.1 bars. The pressure can be deter-
mined directly with the calibrated pressure gauge and also from the
temperature at which solidiﬁcation started and was completed. This
sample took 106 minutes from the start of solidiﬁcation until it was
cooled below 1K. The freezing time of this sample was 40 minutes.
aries [61] or glassy regions [9] contributes to the pressure proportional to the square of
temperature.
In Figure 10.1, the pressure is plotted as a function of temperature during crystal
growth. The solid pressure can be determined in two ways: Either the liquid pressure
calibration while the cell is ﬁlled can be used to calibrate the pressure gauge. A good
check of the calibration is to infer the pressure from the temperatures at which solidiﬁca-
102Figure 10.2: Pressure and temperature are shown as a function of time during a
quench-cool. The sample clearly melts completely as can be seen
from the maximum pressure at 70 bars. This sample solidiﬁes and
cools below 1 K in 144 s.
tion starts and is completed. The relation between temperature at start and completion of
constant volume crystal growth and crystal pressure can be found in Wilks’ book about
helium [82]. The time that it took from start of solidiﬁcation to cooling the sample
below 1 K was 106 minutes. The freezing time was 40 minutes.
Since quenching proved very successful in increasing supersolid signal sizes in tor-
sional oscillators, we quenched the samples for pressure measurements as well in order
to analyze changes in the data. A plot of temperature and pressure versus time during
103Figure 10.3: Pressure as a function of temperature in a sample grown with
blocked-capillary method. The best ﬁt to the data is a combination
of terms of second and forth power in temperature. The functional
form of the best ﬁt (red line) is p = p0 + 0.00096 T2 + 0.01042 T2
.
a quench cool is shown in Figure 10.2. As can be easily seen, the sample melted and
heated up above 3 K because the sample pressure exceeds the ﬁlling pressure (typically
around 66 bar).
In Figure 10.3, the pressure data of a typical blocked-capillary sample is shown as
a function of temperature. The data cannot be ﬁtted as a function of T4 as would be
expected for an insulating Debye crystal. The analytic form that ﬁts the data is instead:
104Figure 10.4: Pressure divided by temperature squared versus temperature squared
for a blocked capillary sample (same data as in Figure 10.3). This
plot shows more directly the existence of a quadratic term in temper-
ature which can be easily seen from the non-zero oset. The data
has been ﬁtted linearly and the slope is the coecient of the phonon
contribution to the pressure.
p = p0 + aT
2 + bT
4 (10.3)
The functional form becomes even more obvious when (p-p0)/T2 is plotted as a func-
tion of temperature square. Then, the data lies on a straight line and the zero temperature
intercept gives the magnitude of the disorder term. This plot is shown in Figure 10.4.
105The zero temperature intercept is at 0.001 bar/K2.
In Figure 10.5, pressure and temperature data are plotted as a function of time while
a blocked capillary sample is annealed for 6 hours. As can be seen from the solidiﬁca-
tion data, the annealing temperature of 1.65 K lies around 300 mK below the melting
temperature. Contrary to torsional oscillator experiments (see Figure 8.3), the pressure
increases during the annealing process. The observed pressure change is is substantial,
amounting to several bars. Assuming an exponential decay the time constant of anneal-
ing can be estimated to be on the order of two hours. Both, the magnitude of pressure
change as well as the time constant are very similar to the torsional oscillator annealing.
The discrepancy of a pressure increase could be caused by mass ﬂow in the sample.
When the sample is warmed up it expands thermally and the pressure increases. The
increasing pressure causes the diaphragm expand which in turn gives rise to ﬂow of he-
lium atoms to the center of the cell where the cell volume increased. The reason why
these eects would be observable in our cell and not in previous pressure measurements
as [36] could be the smaller cell volume: In our cell a pressure change of one bar cor-
responds to a change of spacing between the plates of 0.469 m (using C (38 bar) =
84.140 pF and C (39 bar) = 84.887 pF). The total volume change upon annealing is then
on the order of 1 %.
In Figure 10.6, the cool down data following the previously described anneal is
shown. In this cool down, the quadratic contribution to the pressure dependence was
reduced by 30 % to 0.0007 bar/K2. In the pressure cell we were not able to eliminate
the quadratic disorder term in the pressure, as we were also not able to eliminate NCRI
signals in small torsional oscillator signals.
Comparing this data with the pressure data by Grigor’ev et al. [36], we extended
their measurements to lower temperature and with a higher resolution (19 mK and 5
106Figure 10.5: Pressureandtemperatureareshownasafunctionoftimeduringsam-
ple annealing. The sample is ﬁrst held at 1.5 K for 1 hour, and then
to 1.65 K for 6 hours; the melting temperature of the sample is 2.08
K.
bar versus 100 mK and 30 bar). In their cell, the quadratic contribution was 0.002
bar/T2, i.e. almost twice as high as in our cell. Annealing at 2 K for 10 hours resulted
eliminated their quadratic contribution completely which could be explained with the
longer annealing time at higher temperatures (for a similar melting pressure). Another
possibility is that the more conﬁned geometry prevented complete annealing an obser-
vation that we have also made in recent torsional oscillator experiments [67].
107Figure 10.6: Pressure is plotted as a function of temperature for a cool down of
the previously annealed sample 10.5. The data has been ﬁtted with
the polynomial, p = p0 + aT2 + bT4 with a = 0.00071 bar/T2 and b
= 0.01619 bar/T4.
10.2 Pressure Relaxations at Low Temperatures
The pressure relaxations observed while annealing the sample were present at all tem-
peratures: In Figure 10.7, the pressure is plotted as a function of time while the sample
is held at 19 mK, the base temperature of the dilution refrigerator. The decay can be
ﬁtted with an exponential in time with a long time constant of around 35 hours. In total,
the pressure changes approximately by 100 bar. The initial velocity of the diaphragm
can be estimated from the displacement of 7:9  10 4 nm in the ﬁrst 30 minutes, i.e.
108Figure 10.7: Pressure is plotted as a function of time while the sample is held at
19 mK. If the relaxation process is ﬁtted with an exponential decay
the time constant is 35 hours.
4:38  10 10 m/s.
Similar decay processes have also been observed at higher temperatures: At higher
temperatures, the time constants for the decay decreased to hours. An example of the
higher temperature pressure decay is shown in Figure 10.8. In this Figure, the tempera-
ture is ﬁxed at 100 mK. When the data is ﬁtted with an exponential, the time constant is
only 8 hours. The total pressure change at 100 mK is also around 100 bar. As becomes
clear from the Figure, the decay is not accurately described by an exponential decay;
the reason that it was nevertheless ﬁtted in this form is to obtain estimates for the time
109Figure 10.8: Pressure and temperature are plotted as a function of time while the
sample is held at 100 mK. When the decay is ﬁtted exponentially the
time constant can be determined to be 8 hours.
constants of the relaxation processes.
While we do not have enough data to validate conclusions about the functional form,
the trend of time constant as a function of inverse temperature suggests a thermal relax-
ation process: In such a process, the rate of the process, k, is given by Arrhenius’ law:
k = Ae
 TB=T (10.4)
where T is the temperature, and TB is the energy barrier of the process in Kelvin.
To obtain a crude estimate of the height of the energy barrier of the process, I assume
110Figure 10.9: The time constant, , of an exponentially decaying relaxation pro-
cess is shown as a function of inverse temperature. The temperatures
corresponding to the data points are 19 mK, 100 mK, and 300 mK,
respectively. The slope of this graph can be identiﬁed as the energy
barrier of the process. The energy barrier is determined to be 28 mK.
that the rate is equal to the inverse time constant of the process. From Figure 10.9, the
energy barrier can then be identiﬁed as the slope when the logarithm of the inverse time
constant is plotted as a function of inverse temperature:
ln
 
1

!
= ln(A)  
TB
T
: (10.5)
In this ﬁt, the energy barrier is found to be 28 mK. It does not seem like there is any
dramatic increase in ﬂow below the supersolid transition temperature as determined.
111Figure 10.10: Pressure is shown as a function of temperature during thermal cy-
cling of the sample. First, the sample is cooled down and held at
the base temperature for 40 hours where pressure relaxations take
place (black circles). Next, the sample is warmed up to 500 mK and
without delay the cool down is repeated (blue circles)
Similarly to annealing at high temperatures, the relaxations at low temperatures lead
to a reduction of the the disorder contribution (/ T2). In Figure 10.10, the pressure
before and after a low temperature relaxation is shown as a function of temperature.
The data from the second cool down is also shown separately in a linear plot of pressure
divided by temperature square in Figure 10.11. The square contribution to the pressure
data reduces by 10 %, from 0.0096 bar/K2 to 0.00083 bar/K2.
The pressure relaxations at low temperatures have only been observed in our pres-
112Figure 10.11: Pressure divided by temperature square versus temperature square
in a blocked capillary sample (same data as in Figure 10.3). The
data has been ﬁtted with a ﬁrst order polynomial and the zero-
temperature oset is the contribution from disorder.
sure measurements: Both, Grigor’ev et al. as well as Day and Beamish [29] did not
notice any relaxations in their experiments. Day and Beamish only had a pressure reso-
lution of 0.3 mbar (opposed to 5 bar in our experiment) and therefore would not have
been able to resolve the low temperature relaxations. I do not know why Grigor’ev et
al. did not make the same observations; however, there is indirect evidence that the
same phenomenon has been observed in torsional oscillators. In S´ eamus Davis’ group,
the same helium sample is studied for months with the torsional oscillator technique
113without being warmed up above 1 K [26]. Over time, the supersolid signals were found
to decrease even without being annealed. It is likely, that the same kind of relaxation
processes take place in their oscillators and that the amount of disorder decreases mea-
surably over time while the sample is far from the melting curve.
114APPENDIX A
FILLING OF THE SQUARE CELL AND POTENTIAL FLOW IN A SQUARE
115Figure A.1: The period is shown as a function of time when oscillator #2 is pres-
surized with 1 bar of liquid. The inset shows the solution to Laplace’s
equation with the appropriate boundary conditions in a square cell
[31] and has been taken from Kelken Chang’s A exam..
116APPENDIX B
EFFECT OF CRYSTAL ANNEALING IN SQUARE CELL: REVISED
TEMPERATURE SCALE
117Figure B.1: The period is shown as a function of temperature for dierent sample
preparations. This data is the same as in Chapter 6 with a revised
temperature scale.
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